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A significant portion of the US infrastructure was constructed in the middle third of the 
20th century. These facilities are experiencing rapid deterioration with aging. This research 
focuses on evaluation and analysis of bridge structures. According to the Federal Highway 
Administration (FHWA), traffic volume has increased by more than 30 % in last two decades from 
2,420 billion total miles traveled in 1996 to 3,160 billion total miles traveled in 2016 (FHWA 
2015). As the traffic volume continues to increase, the number of bridges in need of maintenance, 
rehabilitation or replacement has also increased. The total number of bridges is about 612,000 
across the US, with nearly 59,000 bridges are labeled as structurally deficient, while about 85,000 
are functionally obsolete (FHWA 2015).  
Non-destructive testing procedures have been adopted by many bridge owners (state 
Departments of Transportation) to more accurately predict bridge capacity and reduce or eliminate 
  
the cost of rehabilitating or replacing older bridges with low load ratings. The objective of the non-
destructive load testing is to assess the strength of existing bridges. This can include assessing the 
effect of unintended composite action between steel girders and concrete deck, the effect of bearing 
restraint and the effect of secondary and nonstructural components including the curbs, 
diaphragms, and railings.  
This research focuses on understanding the behavior of five, non-composite, simple-span 
steel girder bridges using field load testing and calibrated finite element models. These bridges 
were tested during the summer of 2016. Strains and selected displacements were measured at 
multiple locations during the field load tests, and maximum loads of between 74% and 87% of the 
moment caused by HL-93 loading with impact were applied to the structures. The parameters 
considered in this research were the composite action between the girders and the slab, shear 
stresses and slips between the girder and slab, partial end fixity and the rotational restraint at the 
abutments and the effect of curb and railing on the response of the main components. The data 
showed that for three of the five bridges, the most heavily loaded center girders exhibited full 
composite action, while partial composite action was observed for the other two bridges. The three 
bridges showing full composite action exhibited relatively little slip between the deck and slab 
compared with the two bridges with the least composite action. Measured strains also indicated 
significant rotational restraint at the girder ends for all structures. Conventional LRFD load ratings 
were modified using the strain measurements from the diagnostic load tests, and the average 
increase in moment rating factor was 51.6%. A novel approach to calibrating 3D finite-element 
(FE) models was developed that captures the observed full and partial composite action as well as 
  
rotational restraint of the girder ends. The FE models showed good agreement with the field data 
and were able to capture the observed variations in composite action and end restraint. 
iii 
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1 INTRODUCTION 
1.1 Project Background  
A significant portion of the US infrastructure was constructed in the middle third of the 20th 
century. These facilities are experiencing rapid deterioration as they age. This research focuses on 
evaluation and analysis of bridge structures. According to the Federal Highway Administration 
(FHWA), traffic volume has increased by about 30% in the last two decades from 2,482 billion 
total miles traveled in 1996 to 3,218 billion total miles traveled in 2016 (FHWA 2016). As the 
traffic volume continues to increase, the number of bridges in need of maintenance, rehabilitation 
or replacement has also increased. The total number of bridges is about 614,387 across the US, 
with nearly 56,007 bridges labeled as structurally deficient (FHWA 2016).  
The tragic event of the I-35W bridge collapse in Minnesota clearly illustrated the need to 
review the safety of bridge structures. Following that event, the Maine Department of 
Transportation (MaineDoT) was directed to review Maine's bridge inspection and programming. 
The MaineDoT issued report titled Keeping Our Bridges Safe (KOBS) (MaineDoT 2007), which 
was followed up with a second report to assess progress over a seven-year period (MaineDoT 
2014). The total number of bridges in the state of Maine is 2,450, with 352 bridges labeled as 
structurally deficient (14.4%) (FHWA 2016). The MaineDoT reported that 288 bridges are at risk 
of closure or posting and reposting at a lower weight limit by 2017. Closing or weight restricting 
of these bridges places additional difficulty on communities. The MaineDoT balances public safety 
and socio-economic concerns when faced with bridge closure and load restriction decisions. The 
other challenge is the high cost of replacement or rehabilitation of a bridge to keep it open to all 
traffic. 
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Non-destructive testing procedures have been adopted by many state Departments of 
Transportation to determine a more accurate predictions of bridge capacity and reduce or eliminate 
the cost of rehabilitating or replacing older bridges with low load ratings. The objective of the non-
destructive load testing is to assess the strength of existing bridges. This can include assessing the 
effect of unintended composite action between steel girders and concrete deck, the effect of bearing 
restraint and the effect of secondary components including the curbs, diaphragms and railings. 
1.2 Objective of the Research 
 This research focuses on understanding the behavior of non-composite, simple span, steel 
girder bridges under different load cases. Field measured strains and selected displacements were 
collected during live load tests. Different load scenarios were applied to these bridges. The primary 
objective of the nondestructive live load testing conducted in this study was to assess the 
magnitude and significance of unintended composite action between the deck and girders. 
Furthermore, the field load testing permitted quantification of partial support fixity, actual live 
load distribution, and the contribution of secondary and non-structural elements such as curbs, 
wearing surfaces, and partial concrete embedment of girder ends. Additionally, recommendations 
for rating factor modifications are made based on the observed and computed response of these 
structures. Finally, the field data were used to calibrate sophisticated three-dimensional finite 
element models designed to capture the various behavioral aspects of the bridges. These models 
were employed to determine the shear stress at the girder-slab interface, and their use for load 
rating the bridges tested in this study is also addressed.  
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1.3  Summary of Chapters 
1.3.1 Chapter 2: Literature Review  
Chapter 2 provides a summary of previous research in the following areas relevant to this 
study: non-destructive load testing and instrumentation procedures for girder bridges; finite 
element modeling of girder bridges and calibration techniques; specific behavioral aspects of 
girder bridges including unintended composite action between the girders and the slab; shear 
stresses and slips between the girder and slab; rotational restraint at the abutment; and the effect 
of curbs and railings on the response of the main components.  
1.3.2  Chapter 3: Field Live Load Testing 
Chapter 3 presents the field live load tests of five slab-on-girder bridges during the summer 
of 2016.  These bridges are: Buckfield No. 5452, North Buckfield Road over the Nezinscot River 
(West Branch); Waltham No. 3238, Route 179 over the Union River; Pembroke No. 3884, 
Pembroke Cross Road over the Pennamaquan River; Steuben No. 3067, Dyer Bay Road over Dyer 
Creek; and Windham No. 5298, Windham Center Road over the Pleasant River. Details of bridge 
instrumentation, load cases, and measured strain for each bridge are provided. This chapter also 
presents some typical results from the field tests for those bridges. 
1.3.3  Chapter 4: Mechanics-Based Model & Code-Based Model 
Chapter 4 presents results of the code-based AASHTO method to determine the 
distribution factors for moment and shear and the bridge rating factors. This chapter also presents 
the actual moment distribution factors calculated based on the field data. The shear stresses at the 
deck-girder interface are also calculated based on the field data and compared with AASHTO 
recommendations. 
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1.3.4  Chapter 5: Finite Element Model 
In this chapter, the main aspects of the finite element models are addressed, including 
components considered in the model, element type selection, verification of method for modeling 
of composite action, modeling the end restraint and a mesh convergence study. Different load 
scenarios are applied to the FE models that match the field loadings. In the FE modeling, an attempt 
to reduce the number of assumptions is considered. The FE models take into account the effect of 
the secondary components, the effect of unintended composite action, shear transfer between deck 
and girders and unintended end fixity.  
1.3.5  Chapter 6: Comparison between Experimental, Code and Finite Element Results 
In this chapter, the results from the finite element models including strain predictions and 
degree of composite action are compared with those from the field data. The slips and shear flow 
at the deck-girder interface level are also be considered in the comparison between the 
experimental results, AASHTO recommendations and FE model.  
1.3.6  Chapter 7: Conclusions and Recommendations 
This chapter presents an overview of the important results, conclusions, and 
recommendations for future research that could be conducted to improve our understanding of the 
topics addressed in this study. 
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2 LITERATURE REVIEW 
2.1 History of Guidelines for Evaluation of Existing Bridges 
Many guidelines, such as the AASHTO Manual for Maintenance Inspection of Bridges 
(AASHTO 1970, 1974, 1978, and 1983) were created in order to establish standards for evaluating 
and rating existing bridge structures. These guidelines were used to encourage the development of 
a comprehensive standard for determining the condition of existing bridges based on the AASHTO 
LRFD Bridge Design Specifications. This work led to the production of the first edition of the 
AASHTO Manual for Bridge Evaluation (MBE) in 2008 (AASHTO 2008). The MBE was written 
to help bridge owners by presenting inspection procedures and evaluation practices that comply 
with the National Bridge Inspection Standards (NBIS). The MBE supersedes both the 1998 
AASHTO Manual for Condition Evaluation of Bridges and the 2005 AASHTO Guide Manual for 
Condition Evaluation and Load and Resistance Factor Rating (LRFR) of Highway Bridges.  
2.2  National Cooperative Highway Research Program: 
The National Cooperative Highway Research Program (NCHRP) introduced the Manual 
for Bridge Rating Through Load Testing in 1998 as Research Results Digest number 234 (NCHRP 
1998). This manual presents the results of a study on the use of nondestructive load testing to 
evaluate the carrying capacity of bridges. Recommended procedures for performing load tests and 
for using the results to calculate load ratings are included. The NCHRP oversaw research project 
NCHRP 12-28(13), "Nondestructive Load Testing for Bridge Evaluation, and Rating" which was 
initiated in 1987 by Pinjarkar et al. (1990) with the objective of developing guidelines for 
nondestructive load testing of highway bridges to enhance the process of  conventional rating.  
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This project then followed by the research project 12-28(13) A, "Bridge Rating Through 
Nondestructive Load Testing" that developed and documented processes for performing load tests 
and using the test results to calculate bridge ratings. NCHRP project 12-28(13)A  was carried out 
by A.G. Lichtenstein et al. (1993). The NCHRP 12-28(13)A introduces the concept of 
nondestructive load testing (including the two major types of tests: diagnostic tests and proof tests), 
describes the appropriate selection of candidate bridges, provides detailed procedures for load 
testing and describes how to use load test results to develop a load rating for a bridge. 
2.3  Manual for Bridge Evaluation (2011) 
The second edition of the Manual for Bridge Evaluation (MBE), produced in 2011, 
classifies the non-destructive load testing into two categories: diagnostic tests and proof tests. Also, 
the MBE points out that the field tests can be done statically where stationary loads applied to 
avoid bridge vibration or dynamically by applying moving loads. Unintended composite action, 
unintended end fixity, the effect of secondary components, non-structural components and load 
carried directly by the deck are the main factors that could influence the actual behavior of bridges 
and are not considered in conventional design and evaluation. The MBE Appendix A8 presents a 
detailed load-testing procedure. The MBE, focusing on the diagnostic load testing, provides a 
procedure to improve the load rating factors of an existing bridge calculated based on analytical 
approach AASHTO LRFD design provisions (AASHTO 2012) using field test results. The MBE 
procedure of updating load rating using field data will be described later.  
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2.4  Factors Influence the Load-Carrying Capacity of Bridges  
Several factors influence the actual response of the steel girder bridges. Although these  
factors improve the actual behavior of the bridges at applied load, most of them are not considered 
in the conventional load rating procedures of these bridges. However, this improvement may not 
exist at the ultimate load levels. Field load testing is essential to verify the presence of these factors.  
Burdette and Goodpasture (1988), classified factors that affect the load capacity of a bridge to 
primary and secondary factors with a notation if the field inspection or felid test needed for 
verification as presented in Table 2-1 
Table 2-1: Factors Influencing Bridge Load Capacity (Burdette and Goodpasture, 1988) 
Variable Bridge Type 
Slab-on-Girder Bridge 
Unintended composite action P, I/T 
Participating of parapets and railings P, A 
Difference between actual & assumed material 
properties 
S, I/T 
Participation of bracing and secondary 
members 
S 
Differing support characteristics and 
unintended continuity 
S, I/T 
Analysis/load distribution effects P, A 
Effect of skew S, A 
P = Primary factor. S = Secondary factor.  A = Include in conventional analysis. 
I/T = Inspection and or testing needed to verify. N/A = Not applicable. 
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2.4.1  Unintended Composite Action 
Some degree of composite action between the girders and the slab even with the absence 
of mechanical shear connectors at the girder-slab interface has been reported by Breña et al. (2012), 
Kwasniewski et al. (2000), Stallings and Yoo (1993), and Bakht and Jaeger (1990). However, as 
the loads are increased and reach the bridge capacity, there have been cases where the composite 
action deteriorated, slip at the deck-girder interface occurred, and a sudden increase in the stresses 
in the main members occurred (Bakht and Jaeger 1992). The composite action exists because of 
friction and/or bond between the steel girders and the concrete deck. Many researchers have 
recommended that the composite action should be ignored completely in the strength calculation 
of the ultimate limit state (Yost et al., 2005; Kwasniewski et al., 2000; Bakht and Jaeger, 1992). If 
the composite action is observed during a diagnostic test, there is uncertainty about its reliability 
and existence at load levels higher than those of the diagnostic test. However, if full or partial 
composite action is verified by a proof test, then composite action should be included in the 
evaluation of bridge rating (NCHRP 1998). Bakht and Jaeger (1992) have demonstrated evidence 
of the deterioration of the composite action as the applied load to structures which were designed 
as non-composite increased. They gave an example illustrating the shifting of the neutral axis 
location which depicts the changing degree of composite action. 
Regarding the composite action through friction, Bakht (1993) concluded that friction is 
not significantly effective in generating the composite action between steel girders and the concrete 
deck. Bakht (1993) also discussed generating the composite action through the bond.  
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He showed that the chemical bond between the concrete of the deck slab and the flange of the steel 
girder might occur. Agarwal and Selvadurai (1991) suggested that the bond strength between 
concrete slab and top flange not exceed 0.1 times the square root of the concrete compressive 
strength (in units of MPa) when the flanges are not embedded into the bottom of the slab. For 
example, for 3000 psi concrete compressive strength, this bond strength is about 70 psi. If the top 
flanges of the girders are partially or fully embedded in the deck slab, the bond strength is expected 
to be much higher; 100 psi is recommended. Bonding strength values should be used only after 
the girder strains obtained during the diagnostic test have confirmed that the neutral axis of the 
section is high enough to justify the assumption of composite action. The values of bond strengths 
recommended above are on the conservative side. Bond strengths of up to 145 psi have been 
observed (Agarwal and Selvadurai, 1991). 
2.4.2 Actual Load Distribution 
In the conventional load rating, load distribution to main components of the bridge is based 
on the AASHTO Specifications distribution factors. However, these distribution factors are 
influenced by several variables since the distribution of load in the superstructure of steel girder 
bridge is directly related to the relative stiffness of the girders. One of the major goals of diagnostic 
testing is to determine the actual distribution factors and to check the precise nature of the load 
distribution factors calculated by AASHTO Specifications.  
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2.4.3 Participation of Non-Structural Components  
Non-structural components such as curbs and railings increase the stiffness of the bridge 
structure which reduces the deflections, stresses and load distribution of the main components.  
It is important to identify by inspection the way these components connected to the main 
components of the bridge when the influence of the non-structural components needs to be 
considered.  
2.4.4 Material Properties 
Other factors affecting the load-carrying capacity of the bridge are the actual material 
 strength properties which are usually higher than assumed. Higher load ratings will be obtained if 
the actual material properties of the bridge are considered rather than those used in the 
conventional design process. The MBE (2010) presented a section that describes the common 
testing procedures for assessing the strength and condition of materials of the bridge components. 
Material sampling and testing procedure must generally be conducted to verify the actual material 
strength properties using one of the methods recommended by the MBE (2010).  
2.4.5 Unintended End Fixity 
For simply-supported bridges, it is assumed that the ends are supported on idealized rollers 
and do not carry any moment. However, field tests have shown that there can be significant end 
moments attributable to the end continuity (Yost et al. 2005, Kwasniewski et al. 2000, Stallings 
and Yoo 1993, Bakht and Jaeger 1990, and Bakht and Jaeger 1988). For rating purposes, it may 
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not be justified to extrapolate the results of a diagnostic test done at applied load levels to ultimate 
load level (Yost et al. 2005) 
2.4.6 Contribution of Secondary Components  
Secondary bridge components are those members which are not directly in the load path of 
the structure and include lateral bracing members and diaphragms. Secondary members enhance 
the stiffness of the bridge which may results in improvement in the load-carrying capacity of the 
bridge. Advantage can be taken of the effects of secondary members if it can be shown that they 
are effective at the service load level. 
2.4.7 Effects of Deterioration and Damage to the Main Components  
Bridge structures experience deterioration with aging so that before load tests, it is critical 
to conduct a comprehensive overall condition assessment of the bridge to evaluate the observed 
deterioration. Typical forms of small deterioration have no substantial impact on the load rating of 
a bridge. However, significant loss of concrete and/or steel cross-sectional area must be taken into 
account. It is often difficult to analyze the influence of observed deterioration of the load-carrying 
capacity of the bridge, and in such cases, load testing can be justified. 
2.4.8 Portion of Load Carried by Deck 
There is a possibility that a fraction of the applied load is carried directly by the deck slab 
spanning between end supports of the bridge. However, there is uncertainty about the deck’s ability 
to carry significant amounts of the load at higher load levels. Lichtenstein et al. (1993) suggested 
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that any portion of the applied load carried during the diagnostic test should be calculated and 
transferred back into the main load carrying members. 
2.5  Procedure for Non-Destructive Field Load Testing  
The primary use of nondestructive load testing of bridges is to provide the engineers with 
a better understanding of the way that the bridge structure carried and distributed the loads. Load 
testing is also used to determine the bridge load-carrying capacity.The updated load-rating that 
incorporates load test results have shown a higher load capacity for many structures than the load 
rating determined based on the conventional analysis. The National Cooperative Highway 
Research Program (NCHRP 234, 1998) and The MBE (2011) present a detailed procedure of 
conducting a nondestructive load-testing. The procedure for conducting a field test could be 
summarized as follows:  
1) Field inspection: to evaluate the physical conditions of the bridge. 
2) Analytical calculations: to calculate strains, moments and load ratings of the bridge and to 
determine the load that could be applied to the bridge without exceeding the elastic range. 
3) Development of load testing program: to prepare all the equipment needed for the test, to 
create an effective instrumentation plan that meets the test objective, and to decide the load 
configurations and positions.  
4) Executing the field test: to install and check the instrumentation and to make sure that good 
data are collected so that the actual test could be carried out. Also, field measurements 
should be taken. 
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5) Evaluation of test results: to evaluated load test results and to make sure the data is reliable 
and acceptable before using the data to calculate the load rating for the bridge.  
6)  Determination of the updated load rating: the updated load rating should be determined 
according to MBE, depending on the type of test used.  
7) Reporting the final results: to prepare a detailed report describing the tested bridges, test 
procedures and instrumentation plans, loading configurations, theoretical load rating and 
final load rating calculations with discussion and recommendations should be prepared.  
As researchers describe, the purpose of this type of research is to provide bridge owners with 
a useful tool to evaluate the condition of bridges by using a diagnostic load test and have more 
accurate load rating for the bridge by reducing the assumptions made in the theoretical approach. 
They also provide an approach to determine the actual load distribution, the presence of composite 
action, the end restraintat the abutments, and contributions from nonstructural components during 
a field load test on a bridge (Chajes and Shenton, 2005; Barker, 1999). 
2.6  Bridge Field Testing Categories 
There are two categories of nondestructive load tests used to assess the response of an 
existing bridge: diagnostic tests and proof tests. The differences between these two methods are 
the level of load applied to the bridge, the number of measurements taken, and the way in which 
the experimental results are used to determine the load rating. In the diagnostic test, a bridge is 
subjected to a known load below the elastic load limit of the bridge. Field measurements are taken 
at critical locations to determine the actual behavior of the bridge.  
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The experimental data is then used with an analytical approach to determine the actual load rating 
for the bridge. The diagnostic test requires an extensive post-processing of the data collected.  
Proof test approves the ability of the bridge to carry its full dead load plus some magnified live 
load. The applied live load in the proof test is larger than the live load the bridge is expected to 
carry. Loads are applied to the bridge until an desired load level is reached or nonlinear behavior 
of the bridge is observed. When one of these two events observed, the load test is stopped. The 
maximum load carried by the bridge is then used to determine the bridge rating. Measurements are 
taken only at a few critical locations to check the condition of the bridge during the test. Additional 
details of these two methods are provided in this section. 
2.6.1 Diagnostic Testing 
Diagnostic testing is usually used to check and improve the analytical model of an existing 
bridge when the data for the analytical model is available (NCHRP 12-28(13) A, 1998). This type 
of testing has been used extensively for the evaluation of steel bridges because it provides a well-
defined behavior of this bridge type in the elastic region. The test load can be applied in a static 
manner where the test truck(s) remain(s) stationary at the load positions while data are collected 
to avoid the bridge vibration. Following the test, the field data need to be checked for reliability 
and then compared with the results of an analytical bridge model. Typically, the measured data 
(strains and deflections) are lower than the analytical results because the analytical model does not 
consider some factors that influence the bridge response, for example, unintended composite 
action, boundary conditions of the structure, and secondary and non-structural components. 
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 These differences are used to adjust and possibly improve the original bridge rating. Because of 
the load level applied during a diagnostic test is below the elastic range, extreme caution must be 
taken in extrapolating the measured response of the bridge to a higher rating load. 
2.6.2  Proof Testing 
Proof load testing is considered when the calculated load ratings of a bridge are low and 
testing at high load levels may provide more realistic results and higher ratings. Bridges with large 
dead loads compared to the live loads are also considered typical candidates for proof load testing. 
The other situations when proof load testing is recommended is when the analytical model of 
bridges cannot be developed because of insufficient information on internal details and 
configuration (NCHRP 12-28(13) A, 1998). Specific procedures for computing the proof load are 
provided by Lichtenstein (1993) and Moses et al. (1994). Usually, the proof test loads are applied 
in stages and that so that the response of the bridge can be monitored for linear-elastic behavior 
under each load increment. It also helps in limiting the distress due to cracking or other physical 
damage. The test is stopped when the desired test load is reached, or a start of nonlinear behavior 
of the bridge is observed. 
2.7 Review Previous Research Studies 
Many research studies have focused on non-destructive field load testing procedures; finite 
element modeling of bridges and calibration techniques. Additionally, parametric studies 
regarding the factors influencing the load-carrying capacity of the bridges have been undertaken. 
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2.7.1 Diagnostic Load Testing Procedures 
 
2.7.1.1 Chajes and Shenton (2005)  
This study presented a detailed procedure of conduction a diagnostic load testing. The main 
objective of their research was to help bridge owners to have a valuable tool for condition 
assessment of bridges by using diagnostic load test and have more accurate load rating for the 
bridge by reducing the assumptions made in the theoretical approach. The research also illustrated 
an approach to determine the actual load distribution, presence of composite action, end 
restraintbehavior, and contributions from nonstructural components during a field load test on a 
bridge.  
2.7.1.2 Barker (1999) 
This study showed standardized procedures for load rating of steel girder bridges through 
field load testing. The paper discussed two types of factors that affect the actual behavior of a 
bridge based on their reliability at higher load levels. Actual load distribution factors, secondary 
components, and nonstructural components are reliable factors that may be used to update the 
bridge load ratings. However, there are also contributions from the unintended composite action 
and bearing restraint that may not be reliable at higher load levels. A systematic approach is 
provided to separate and assess the contributions of different factors that influence the load-
carrying capacity of the bridge. The testing system and standardized field testing procedures were 
established from some diagnostic tests on a three-span steel girder bridge. The procedure of load 
rating presented in this paper has been optimized for time effort and cost. 
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2.7.2 Finite Element Modeling of Bridges and Calibration Techniques 
Many researchers have used finite element modeling techniques for steel-girder bridges to 
capture the actual behavior of these bridges. Most of these studies then calibrate their models using 
field load test results. These studies use different models to represent the bridge components. In 
particular, there is no widespread agreement about the type of FEM and the element selections. 
Therefore, Table 2-2 is designed to demonstrate this variation.  
Table 2-2: Summary of FEM type and Element Type Selection in the Literature  
Author FEM Type Type of Elements Used 
Sanayei et al., 2012 3D 
Shell elements for steel girders and diaphragms 
Solid elements for the concrete deck and hunch 
Breña, et al., 2013 3D 
Beam elements for steel girders and diaphragms 
Shell elements for the concrete deck 
Yost and Commander, 
2005 2D 
Frame elements for steel girders and diaphragms 
Shell elements for the concrete deck 
Zhang and Aktan, 
1997 
3D 
Beam elements for steel girders and bracing, pier caps 
and piles 
Shell elements for the concrete deck 
2D 
Grid model where deck is represented by an equivalent 
grid beam element. This concrete grid then combined 
with steel girders and bracing. 
Sipple and Sanayei, 
2014 3D 
Beam-column elements for modeling girders and 
diaphragms Shell elements for the bridge deck 
Chung and Sotelino, 
2005 3D 
Shell elements for the concrete deck 
Shell elements for steel girders 
Beam elements for parapet 
Shell elements for the concrete deck 
Shell elements for girder web 
Beam elements for girder flanges and parapet 
18 
 
Table 2-2: Continued 
Shell elements for the concrete deck 
Shell elements for girder flanges 
Beam elements for girder web and parapet 
Shell elements for the concrete deck 
Beam elements for steel girders and parapet 
Solid elements for the concrete deck, steel girders, and 
parapet 
Eamon and Nowak, 
2002 3D 
Solid elements for the concrete deck, sidewalk, and 
barriers. 
Beam elements for steel girders and diaphragms 
Solid elements for the concrete deck, steel girders, 
diaphragms, sidewalk, and barriers. 
Sanayei et al., 2015 3D 
Shell elements for steel girders 
Solid elements for the concrete deck 
Eom and Nowak, 
2001 3D 
Shell elements for steel girders 
Solid elements for the concrete deck 
Kwassniewski et al., 
2000 3D 
Shell elements for steel girders and diaphragms 
Solid elements for the concrete deck, sidewalks, and 
barriers. 
Conner and Huo, 2006 3D 
Beam elements for modeling girders and parapets 
Shell elements for the bridge deck 
Mabsout et al.,1997 3D 
Frame elements for steel girders 
Shell element for the concrete deck 
Frame element for steel girder flanges 
Shell element for the concrete deck and girder web 
Shell elements for steel girders 
Solid elements for the concrete deck 
In terms of FEM type, most of the studies presented in Table 2-2 used 3D modeling which 
is more realistic in representing the steel girder bridges components as it reduces the number of 
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assumptions in the modeling process.  Yost et al., 2005 and Zhang et al., 1997 recommended using 
2D FE models as they require less computational time and are easier to generate, but the rapid 
advances in technology and the evolution of FE packages allows more sophisticated model 
geometries with a relatively larger number of elements to be routinely used.  
Regarding the type of elements used, it is preferable to use solid elements for the slab, 
curbs, and railings if possible as the solid elements allow for a more comprehensive analysis and 
more details about the distribution of local stress than using shell and beam elements. Using solid 
elements in modeling the deck, curbs, and railings using and shell elements to idealize the girders 
and bracing members gives an accurate and computationally tractable representation of 
geometrical and physical properties of the bridge components. 
In terms of calibrating the FE models, Sanayei et al. (2012) and Schlune et al. (2009) 
proposed a method for calibrating the FE models. The process of the calibration started with 
manual model refinements to eliminate inaccurate modelling simplifications. Followed by 
employing a non-linear optimization technique to determine the unknown parameters. It was 
shown that the accuracy of the initial FE model is greatly increased using this calibration technique. 
2.7.3 Previous Studies Regarding Specific Behavioral Aspects of Girder Bridges  
A summary of the previous studies finding regarding Specific Behavioral Aspects of Girder 
Bridges are presented: 
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2.7.3.1 Unintended Composite Action 
In the absence of mechanical shear connectors at the girder-slab interface, field tests have 
shown a degree of composite action between the girders and slab (Breña et al., 2013; Kwasniewski 
et al., 2000; Stalling and Yoo, 1993; Bakht and Jaeger, 1990). The main factors for the presence 
of composite action are the chemical bonding between the steel and concrete, and/or friction at the 
steel-concrete interface caused by the slab bearing on the girder top flange, especially when the 
girder top flange is embedded in the concrete deck. However, other researchers do not rely on the 
presence of composite action especially, at the ultimate load level and argue that the composite 
action effect should be removed to have a realistic estimation of load-carrying capacity of the 
bridge (Yost and Commander, 2005; Kwasniewski et al, 2000; Bakht et al, 1992). 
2.7.3.2 The Effect of Secondary and Non-Structural Components 
In addition to the main components of the bridge superstructure (deck and girders), other 
components need to be considered to create a model that captures the actual behavior of that bridge. 
Many researchers have concluded that the existence of such components enhances the stiffness of 
these bridges and reduce the girder load distribution factors (Chajes and Shenton.,2005; Eamon 
and Nowak, 2002; Stallings and Yoo,1993; Bakht and Jaeger, 1990). Specifically, steel girder 
bridges, which are flexible compared to concrete bridges, tend to benefit more from the presence 
of secondary and nonstructural components than the typically more stiff concrete bridges (Eamon 
and Nowak, 2002). 
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2.7.3.3  Rotational Restraints at the Abutments 
Many studies have approved the existence of end restraintat the ends of the girders by field 
tests (Kwasniewski et al., 2000; Stalling and Yoo, 1993; Bakht and Jaeger, 1990, 1988). The 
mechanism of bearing restraint can be explained as follows: as the live load (truck) is applied, the 
girder bottom flange attempts to move outward relative to midspan. This movement induces a 
horizontal reaction because the frictional force developed at girder bearing interface. Corrosion at 
the bearing plates could further restrain the longitudinal displacement of the girders. Furthermore, 
if the girder bottom flange is fastened to the bearing plate, the horizontal restraints could become 
even bigger due to friction and bolts shear strength. Bakht and Jaeger (1988) presented an approach 
to determine the frictional force by considering the bearing forces as the support reaction times the 
coefficient of friction between the bottom flange of the girder and the bearing plate. Because this 
force acts below the neutral axis of the girder, a moment restraint is produced at the supports equal 
to the bearing restraint force times the distance from the bottom of the girder to the neutral axis. 
Bakht and Jaeger (1988) showed that live load moments at mid-span could be reduced by up to 
20% in simply supported slab-on steel girder bridges. 
2.7.3.4 Load Distribution Effects  
As discussed earlier, the distribution of load in the superstructure of steel girder bridges is 
directly related to the relative stiffness of the girders. Load distribution factors of the main 
components of these bridges are influenced by several variables including any composite action, 
end fixity, secondary and nonstructural components.  
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Many reserchers have found that the actual load distribution factors are lower that those calculated 
using AASHTO LRFD spesifications(2012). In other words, the AASHTO load distribution 
factors were too conservative when compared with experimental results (Chajes and 
Shenton,2005; Eamon and Newak, 2002; Mabsout et al., 1997; Stallings and Yoo, 1993; Bakht 
and Jeager, 1990). Those researchers have concluded that the reduction in the girder load 
distribution factors is because of the influence of these variables.  
2.7.3.5 Actual Material Properties   
A study by Kwasniewski et al. (2000) concluded that the modulus of elasticity of concrete 
is one of the main parameters that influence the actual bridge response under service load. The 
researchers used ultrasonic impulse method to evaluate the field modulus of elasticity of the 
concrete deck. The study showed that for larger values of modulus of elasticity the strain readings 
were smaller (Kwasniewski et al. 2000).  
2.8  Summary and Conclusions  
In terms of conducting the nondestructive field load testing, the previous studies present 
relatively similar procedures for the purposes of load rating. Furthermore, those studies show the 
potential of instrumentation and monitoring systems for measuring the structural response of 
existing bridges. Details from each paper were used to carefully plan for the nondestructive test 
that was conducted for this research and developing an effective instrumentation plan to achieve 
the goal of this research.  
23 
 
Regarding the finite element modeling of the bridges, the previous studies show the 
feasibility of creating sophisticated 3D finite element models of highway bridges. In term of 
elements used, the overall conclusion was that using solid elements in modeling the deck, curbs, 
and railings and using shell elements to idealize the girders and bracing members gives an accurate 
and computationally tractable representation of geometrical and physical properties of steel girder 
bridge components. Finally, as presented by previous studies, parameters that influence the actual 
behavior of the bridge should be considered in the finite element models in attempt to reduce the 
number of assumptions. As proposed by some researchers, the calibration of the FE models starts 
with refining the number of assumptions and simplifications, including all the parameters affecting 
the bridge response especially modeling the composite action between the deck and the girders 
and the partial end fixity.  The final step in the calibration process is using a non-linear optimization 
technique to estimate the unknown parameters.  
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3   FIELD LOAD TESTING 
3.1  Introduction  
Details of the field live load testing of five slab-on-girder bridges are presented in this chapter. 
These bridges were tested during the summer of 2016. Bridge characteristics, field testing 
procedure, instrumentation and loading scenarios are provided. This chapter also presents typical 
results of the field load testing. Most of this chapter is taken from Report Number 17-11-1414 
issued by the University of Maine’s Advanced Structures and Composites Center to the MaineDoT 
(Davids et al., 2016), and is used with the permission of all authors.  
3.2  Wireless Structural Testing System 
 The Wireless Structural Testing System (STS-WiFi) by Bridge Diagnostics Inc (BDI) is 
used in non-destructive live load testing of existing bridges. This system is an efficient field 
evaluation system due to its ease of installation compared to traditional wired systems and gages; 
sensors include strain transducers, accelerometers, foil strain gages, linear variable differential 
transformers (LVDT), and rotation monitors; the sensors can be mounted to steel, concrete, timber 
and FRP structural members; and the ability to re-use this system in future tests. The following 
sections describe the equipment used in the BDI STS-WiFi system. 
3.2.1 BDI STS-WiFi Intelligent Strain Transducers 
 The BDI STS-WiFi system incorporated the use of BDI's ST350 Intelligent Strain 
Transducers (gages). The gages use a full Wheatstone bring circuit, with four active 350- ohm foil 
gages and provide accuracy of ±1% (Bridge Diagnostics Inc. 2012). The gages have a built-in 
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environmental protective cover. Each gage measures 111 mm x 32 mm x 13 mm and weighs 
approximately 85 g. These transducers have an effective gauge length of 76.2 mm. Each gauge 
contains a memory chip with its identification number, so the BDI software automatically 
identifies each gauge and applies the correct calibration factor to each gauge. The gages can also 
be attached to extensions. 
3.2.2 BDI STS-WiFi Nodes and Base Station 
The STS-WiFi Mobile Base Station is a rechargeable battery powered wireless relay station. 
It transmits the data from the nodes to the computer running the BDI data acquisition software. Up 
to four gages can be attached to a single STS WiFi node, the nodes and mobile base station are 
powered by rechargeable batteries and use broadband wireless technology to communicate 
between the nodes and the mobile base station. Each node also has its identification number, so 
the software can recognize which nodes are synchronized to the base station. Figure 3-1 shows the 
BDI ST350 Intelligent Strain Transducers mounted under the bridge at the top, mid, and bottom 
flange of the girder and those gages were attached to the BDI STS-WiFi node.  
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Figure 3-1: BDI ST350 Intelligent Strain Transducers Attached to Windham Bridge #5298 for 
Live Load Test 
 
3.3 Load Testing Procedures 
 An efficient load testing procedure was created by reviewing the nondestructive load-
testing procedures recommended by the National Cooperative Highway Research Program 
(NCHRP 234, 1998), The Manual for Bridge Evaluation (MBE, 2011), Bridge Diagnostics Inc. 
(BDI, 2010), Chajes and Shenton (2005), and Barker (1999). This section describes the details of 
this procedure for the live load tests of the five steel girder bridges Steuben No. 3067 Dyer Bay 
Road over Dyer Creek, Waltham No. 3238 Route 179 over Union River, Pembroke No. 3884 
Pembroke Cross Road over Pennamaquan River, Windham No. 5298 Windham Center Road over 
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Pleasant River, and Buckfield No. 5452 North Buckfield Road over Nezinscot River (West 
Branch). Included in this chapter are the bridge characteristics, the instrumentation plan for these 
bridges, and the test trucks information used in the live load tests. 
3.3.1 Bridge Characteristics:  
Five simple span, concrete slab-on-steel girder bridges were tested during the summer of 
2016. The plans provided by the MaineDoT with the reports for bridges inspection and load rating 
by Vanasse Hangen Brustlin, Inc (VHB). The dimensions of bridge components were verified 
during the field tests. These bridges were all constructed between 1935 and 1951 and were 
originally designed as non-composite with no shear studs. However, the top flanges of the girders 
were fully embedded in the concrete deck for all structures, which can result in significant 
unintended composite action (NCHRP 1998, Breña et al. 2012, Kwasniewski et al. 2000, Stallings 
and Yoo 1993, and Bakht and Jaeger 1990). Characteristics of the bridges are summarized in Table 
3-1. All bridges have two striped lanes and overall widths varied from 7.62 m (25 ft.) to 8.38 (27.5 
ft.). Figure 3-2 shows the geometry of Pembroke bridge, which is typical for the other bridges 
tested in this study.  
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Table 3-1: Bridge Characteristics 
Bridge Steuben Waltham Pembroke Windham Buckfield 
Number 3067 3238 3884 5298 5452 
Year built 1949 1935a 1944b 1950 1951 
Span (feet) 50.00 55.00 45.25 46.00 42.50 
Girder size 
Interior W30x108 W36x150 W27x98 W30x108 W27x102 
Exterior W30x108 W33x125 W27x98 W30x108 W27x102 
Number of girders 5 5 5 5 5 
Girder spacing (in) 64 66 69 69 69 
Girder depth (in) 29.83 35.85 27.00 29.83 27.09 
Girder flange width (in) 10.48 11.98 10.00 10.48 10.02 
Girder flange thickness (in) 0.76 0.94 0.79 0.76 0.83 
Girder web thickness (in) 0.55 0.63 0.50 0.55 0.52 
Haunch (in) -0.625 2.00 -0.792 0.50 2.00 
Slab thickness (in) 6.75 11.0 6.75 9.00 9.00 
a: Concrete railings were replaced in 2008.          
b: Concrete deck, curbs and railings were replaced in 1999.  
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Figure 3-2: Pembroke Bridge Geometry: Cross-Section (Looking West) 
 
3.3.2 Planning and Preparation for Load Test 
Regarding the planning and preparation for the field test activities prior executing the field 
test, a detailed analysis using the AASHTO-LRFD approach based on the assumption of the non-
composite section were done for each bridge for different load scenarios (maximum moment and 
shear for one, two, and four trucks). The primary objective of this analysis is to ensure that the 
loads used in the field testing did not produce any damage to the bridge components, and the 
maximum applied bending moment is below the yield moment of the girders. Further, efficient 
sensor layouts were created to achieve the main goals of this research. More details about placing 
the gages are presented in the following section.  
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3.3.3  Instrumentations 
 All bridges were instrumented with a strain measuring system. Twenty-two strain gages 
were placed on the bridge for the live load test with two linear variable differential transformers 
(LVDTs). The wide range of gage locations was chosen to provide a complete picture of the 
response of the structure and provide redundant measurements. A sample setup of the BDI system 
as used in the field is shown in Figure 3-3, with strain sensors mounted under the bridge at mid-
span connected to battery operated wireless nodes. A clear diagram of the entire network is shown 
in Figure 3-4 including strain and displacement sensors, wireless nodes, the wireless base station, 
auto clicker, and the data recording laptop. 
 
Figure 3-3: Typical Strain Sensors Mounted Under Bridge Connected to Wireless Nodes 
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Figure 3-4: BDI STS-Wi-Fi Network Setup for Bridge Sensor Setup (BDI, 2010). 
 
Strain and displacement sensors were mounted under the bridges using a MaineDoT Under 
Bridge Inspection Truck (UBIT) as shown in Figure 3-5. The sensors were mounted to the girders 
by first grinding the steel to a fresh, unpainted surface, then using the recommended adhesive to 
connect the strain sensor tabs to the steel. All structures had three strain gages mounted to the top 
flange, mid-depth and bottom flange of at least three girders at mid-span to give a complete picture 
of load distribution and peak flexural strains in each girder type: center, interior non-center, and 
exterior. Strain gages were also installed near the ends of selected girders to assess the support 
rotational restraint.  
32 
 
LVDTs were placed near the ends of selected girders with one end attached to a girder top flange 
and one end attached to the bottom of the slab to measure slip between the slab and girder top 
flange. Strain sensor layout varied slightly for each bridge. The sensor layout for Pembroke bridge, 
which was typical for all structures tested, is shown in Figure 3-6. Detailed sensor layouts are 
shown in the Appendix A for all the bridges.  
 
Figure 3-5: MaineDoT UBIT Utilized to Install Sensors 
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Figure 3-6: Sensor Layout for Pembroke Bridge 
3.3.4 Loading 
The vehicles used for this testing were Maine DOT standard three-axle dump trucks as shown 
in Figure 3-7. Loading cases included one, two, and four trucks in designated lanes along loading 
paths that consistent with the analysis described in section 3.3.2. The trucks were driven onto the 
structure at creep speed and left in pre-determined positions for a short period while data was 
continually recorded. With the exception of Buckfield, which was only loaded with four trucks, 
results are reported here for two trucks side-by-side in adjacent lanes and four trucks, two back-
to-back per lane. Vehicles were positioned longitudinally to maximize momend at mid-span and, 
with the exception of one bridge (Buckfield), to maximize shear at one support. Figure 3-8 shows 
the load cases considered in the field data post processing as presenting in section 3.3.5.  
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Prior conducting the tests, each truck wheel or a pair of wheels was weighed using state patrol-
certified portable scales as shown in Figure 3-9. Also, the axle spacings and patch areas for each 
tire were measured. During the tests, the distance from each truck to the nearest curb and the 
distance between the trucks were recorded. The trucks used in the study were similar to those used 
by Davids et al. (2013), and the total weight of each truck ranged from 236 to 267 kN for Steuben, 
263 to 298 kN for Waltham, 236 to 258 kN for Pembroke, 241 to 254 for Windham , and 223 to 
245) kN for Buckfield. Details of trucks weight and dimensions are presented in the Appendix A. 
Some of the load tests were repeated to ensure quality of the data collected as shown in section 
3.3.5.  
 
 
Figure 3-7: Maine DOT Trucks Used for Bridge Loading 
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Figure 3-8: Load Configurations and Trucks Positions: (a) Maximum Moment Four Trucks, (b) 
Maximum Shear Four Trucks, (c) Maximum Moment Two Trucks, and (d) Maximum Shear 
Two Trucks. 
 
 
Figure 3-9: State Highway Patrol Certified Portable Crane Scales Used to Verify Vehicle Weight 
for Each Test  
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3.3.5 Typical Results 
Results from the field tests are presented in this section to demonstrate the actual behavior 
of each bridge, the presence of end continuity, and the measured slip between girders and the slab. 
The measured strains were also used to estimate the neutral axis location for all girders for different 
load cases. The neutral axis location was also calculated based the assumption of full composite 
action between the girder and the deck, measured dimensions, and nominal material properties. A 
comparison between the field-estimated neutral axis and the computed neutral axis was made for 
all girders and all bridges to determine the degree of composite action. The full composite action 
is defined when the field-estimated neutral axis matches computed neutral axis based on the 
assumption of fully composite section, while the partial composite action is determined when the 
field-estimated neutral axis falls between the computed neutral axis based on the assumption of 
fully composite section and neutral axis of noncomposite sction. Two load cases are presented 
herein, maximum moment four and two trucks in two lanes (see Figure 3-8), while the other test 
results are presented in Appendix A and Appendix B. 
3.3.5.1  Pembroke No. 3884 
The bridge in Pembroke, No. 3884 over Pennamaquan River was tested on July 19, 2016, 
with two trucks and four trucks produced 49% and 81% of the moment produced by the HL-93 
loading with impact, respectively. The typical response of the center girder at midspan is presented 
in Figure 3-10 for four trucks loading. Based on the field data, full composite action was observed 
for both two and four truck loadings. 
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There was partial fixity observed in Pembroke as shown in Figure 3-11 for four trucks 
loading. The end gages located at the bottom of the girder recorded negative strains, and those 
negative strains indicate the partial rotational restraint at the abutments. 
The slip between the girder and slab for Pembroke is presented in Figure 3-12 for four 
truck loading. The measured slip was 1.3 mils for the two-truck loading and 1.90 mils for the four-
truck loading. Positive slip indicates the girder moving toward the west end relative to the slab, 
with negative slip indicating the slab is moving toward the west end relative to the girder 
Figure 3-10: Pembroke No. 3884 - 4 Trucks, 2 Lanes, Test 2, Center Girder Strains 
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Figure 3-11: Pembroke No. 3884 - 4 Trucks, 2 Lanes, Test 2, Strains in the Bottom of Center 
Girder at Midspan and at the Ends 
 
Figure 3-12: Pembroke No. 3884 - 4 Trucks, 2 Lanes, Test 2, Slip Between Girder and Slab 
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3.3.5.2  Steuben No. 3067 
The Steuben bridge No. 3067 over Dyer Creek was tested on July 21, 2016, with two trucks 
and four trucks producing 53% and 78% of the moment produced by the HL-93 loading with 
impact, respectively. The typical response of the center girder at midspan is presented in Figure 
3-13 and Figure 3-14 for four and two trucks loading respectively. Based on the field data, a partial 
composite action was observed for both two and four truck loadings. The measured strain at the 
bottom flange of the center girder was the highest for any of the bridges and partial composite 
action was observed. There was partial fixity observed in Steuben as shown in Figure 3-15 and 
Figure 3-16 for four and two trucks loading respectively. The end gages located at the bottom of 
the girder recorded negative strains, and those negative strains indicate the partial rotational 
restraint at the abutments.  
The slip between the girder and slab for Steuben is presented in Figure 3-17 and Figure 3-18 
for four and two trucks loading respectively. The measured slip was 1.89 mils for the two-truck 
loading and 2.90 mils for the four-truck loading. Positive slip indicates the girder moving toward 
the north end relative to the slab, with negative slip indicating the slab is moving toward the north 
end relative to the girder.  
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Figure 3-13: Steuben No. 3067 - 4 Trucks, 2 Lanes, Test 2, Center Girder Strains 
 
Figure 3-14: Steuben No. 3067 - 2 Trucks, 2 Lanes, Test 1, Center Girder Strains 
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Figure 3-15: Steuben No. 3067 - 4 Trucks, 2 Lanes, Test 2, Strains in the Bottom of Center 
Girder 
 
Figure 3-16: Steuben No. 3067 - 2 Trucks, 2 Lanes, Test 3, Strains in the Bottom of Center 
Girder 
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Figure 3-17: Steuben No. 3067 - 4 Trucks, 2 Lanes, Test 2, Slip Between Girder and Slab 
 
Figure 3-18: Steuben No. 3067 - 2 Trucks, 2 Lanes, Test 3, Slip Between Girder and Slab 
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3.3.5.3  Waltham No. 3238 
The bridge in Waltham, No. 3238 over Union River was tested on July 14, 2016, with two 
trucks and four trucks produced 55% and 87% of the moment produced by the HL-93 loading with 
impact, respectively. This is the highest percentage of the HL-93 load applied among all the 
bridges. The typical response of the center girder at midspan is presented in Figure 3-19 and Figure 
3-20 for four and two trucks loading respectively. Based on the field data, full composite action 
was observed for both two and four truck loadings and the strains were lower than those observed 
for the other four structures. 
There was partial fixity observed in Waltham as shown in  Figure 3-21 and Figure 3-22 for 
four and two trucks loading respectively. The end gages located at the bottom of the girder 
recorded negative strains, and those negative strains indicate the partial rotational restraint at the 
abutments.  
The slip between the girder and slab for Waltham is presented in Figure 3-23 and Figure 3-
24 for four and two trucks loading respectively. The measured slip was 0.80 mils for the two-truck 
loading and 1.19 mils for the four-truck loading. The lowest slip was measured in Waltham which 
reflects the full degree of composite action between the girders and the deck. Positive slip indicates 
the girder moving toward the north end relative to the slab, with negative slip indicating the slab 
is moving toward the north end relative to the girder.  
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Figure 3-19: Waltham No. 3238 - 4 Trucks, 2 Lanes, Test 1, Center Girder Strains  
 
Figure 3-20: Waltham No. 3238 - 2 Trucks, 2 Lanes, Test 1, Center Girder Strains 
 
45 
 
 
 Figure 3-21: Waltham No. 3238 - 4 Trucks, 2 Lanes, Test 1, Strains in the Bottom of Center 
Girder 
 
Figure 3-22: Waltham No. 3238 - 2 Trucks, 2 Lanes, Test 1, Strains in the Bottom of Center 
Girder 
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Figure 3-23: Waltham No. 3238 - 4 Trucks, 2 Lanes, Test 1, Slip Between Girder and Slab 
 
Figure 3-24: Waltham No. 3238 - 2 Trucks, 2 Lanes, Test 1, Slip Between Girder and Slab 
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3.3.5.4  Buckfield No.5452 
The Buckfield bridge, No. 5452 over the West Branch of the Nezinscot River was tested on 
July 12, 2016. Four trucks were used to produce 74% of the moment produced by the HL-93 
loading with impact for this span, the lowest of the four truck configurations observed in this study. 
The typical response of the center girder at midspan is presented in Figure 3-25 for four trucks 
loading.  
Based on the field data, partial composite action was observed for this bridge. There was 
partial restraint observed in Buckfield as shown in Figure 3-26 for four trucks loading. The end 
gage located at the bottom of the girder recorded negative strain, and this negative strain indicates 
the partial rotational restraint at the abutments.  
The slip between the girder and slab for Buckfield is presented in Figure 3-27 for four trucks 
loading. The measured slip was 5.05 mils for the four-truck loading. Positive slip indicates the 
girder moving toward the east end relative to the slab, with negative slip indicating the slab is 
moving toward the east end relative to the girder. The slip recorded for Buckfield was the highest 
among the other bridges tested in this study. This is consistent with Buckfield exhibiting the lowest 
degree of partial composite action of all bridges 
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Figure 3-25: Buckfield No. 5452 - 4 Trucks, 2 Lanes, Test 1, Center Girder Strains 
 
Figure 3-26: Buckfield No. 5452 - 4 Trucks, 2 Lanes, Test 1, Strains in the Bottom of Center 
Girder 
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Figure 3-27: Buckfield No. 5452 - 4 Trucks, 2 Lanes, Test 1, Slip Between Girder and Slab 
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3.3.5.5 Windham No. 5298 
The bridge in Windham, No. 5298 over the Pleasant River was tested on August 23, 2016, 
with two trucks and four trucks produced 53% and 77% of the moment produced by the HL-93 
loading with impact, respectively. The typical response of the center girder at midspan is presented 
in Figure 3-28 and Figure 3-29 for four and two trucks loading respectively. Based on the field 
data, full composite action was observed for both two and four truck loadings and the strains were 
lower than those observed for the other four structures. 
There was partial restraint observed in Windham as shown in Figure 3-30 and Figure 3-31 
for four and two trucks loading respectively. The end gages located at the bottom of the girder 
recorded negative strains, and those negative strains indicate the partial rotational restraint at the 
abutments.  
The slip between the girder and slab for Waltham is presented in Figure 3-32 and Figure 
3-33 for four and two trucks loading respectively. The measured slip was 2.20 mils for the two-
truck loading and 4.10 mils for the four-truck loading. Positive slip indicates the girder moving 
toward the south end relative to the slab, with negative slip indicating the slab is moving toward 
the south end relative to the girder.  
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Figure 3-28: Windham No. 5298 - 4 Trucks, 2 Lanes, Test 2, Center Girder Strains at midspan 
 
Figure 3-29: Windham No. 5298 - 2 Trucks, 2 Lanes, Test 1, Center Girder Strains at Midspan 
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Figure 3-30: Windham No. 5298 4 Trucks, 2 Lanes, Test 2, Strains in the Bottom of Center 
Girder 
 
Figure 3-31: Windham No. 5298 2 Trucks, 2 Lanes, Test 1, Strains in the Bottom of Center 
Girder 
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Figure 3-32: Windham No. 5298 4 Trucks, 2 Lanes, Test 2, Slip Between Girder and Slab 
 
Figure 3-33: Windham No. 5298 2 Trucks, 2 Lanes, Test 1, Slip Between Girder and Slab 
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3.4 Summary and Discussion of Live Load Test Results  
Full composite action was observed in Pembroke, Waltham, and Windham, while partial 
composite action was observed in Steuben and Buckfield.  That is consistent with higher slips 
measured in Buckfield and Steuben, while less slip were recorded for the other bridges in the study. 
Partial restraint was observed in all the bridges tested in this study. Table 3-2 presents a summary 
of the loading, the corresponding measured slip, and the composite action observed. More details 
about the strain readings for the critical load cases are presented in the next chapter and also in 
Appendix A for all the bridges.  
Table 3-2: Summary of the Percent of Moment Produced by HL-93 Loading and the 
Corresponding Measured Slip and the Composite Action 
Bridge 
Percent of Moment 
Produced by HL-93 
loading (%) 
Measured Slip (mils) 
Degree of 
Composite Action 
Maximum 
moment 
Two Trucks 
in Two 
Lanes 
Maximum 
moment 
Four Trucks 
in Two 
Lanes 
Maximum 
Shear Two 
Trucks in 
Two Lanes 
Maximum 
Shear Four 
Trucks in 
Two Lanes 
Pembroke 49 81 1.30 1.90 Fully Composite 
Steuben 53 78 1.89 2.90 Partially Composite 
Waltham 55 87 0.80 1.19 Fully Composite 
Buckfield --* 74 --* 5.05 Partially Composite 
Windham 53 77 2.20 4.10 Fully Composite 
*Not Reported 
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4   MECHANICS & CODE-BASED PRIDECTIONS OF BRIDGE CAPACITY AND 
RESPONSE 
4.1 Introduction 
This chapter presents the AASHTO method to determine the distribution factors for moments 
and shear and the rating factors. This chapter also presents the actual moment distribution factors 
calculated based on the field data. The shear stress at the deck-girder interface level is calculated 
based on the field data. Most of this chapter is taken from Report Number 17-11-1414 issued by 
the University of Maine’s Advanced Structures and Composites Center to the MaineDoT (Davids 
et al., 2016), and is used with the permission of all authors. 
4.2 Analysis Methodology 
4.2.1 Analysis Overview 
Material properties, load and resistance factors, and design live loads were taken as 
specified in the AASHTO Manual for Bridge Evaluation and used with field-measured geometry 
to determine original non-composite rating factors for the bridges. Bridges were then tested using 
heavily loaded trucks, and strains were measured and correlated with these applied loads. Resulting 
strains from live load testing were then used to determine the degree of the composite action, 
effective section properties, distribution factors determined from live load testing, modified rating 
factors, and shear flows. All the calculations are presented in Appendix A for all the bridges tested 
in this study. 
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4.2.2 Bridge Characteristics 
First, necessary parameters were defined for use in calculations. These included material 
properties for each bridge, as well as general bridge geometry (i.e., span length, girder section 
properties, and slab section properties). These were taken from each bridge’s most recent available 
rating report or based on minimum material properties specified by the AASHTO Manual for 
Bridge Evaluation. Dead load moments and shears were determined from the bridge geometry 
and typical unit weights as specified in AASHTO Manual for Bridge Evaluation. 
4.2.3 AASHTO Distribution Factors 
Distribution factors for moment and shear for interior and exterior girders were calculated 
based on in-situ measured bridge characteristics along with nominal values for dimensions that 
were not possible to verify in the field in accordance with AASHTO LRFD Bridge Design 
Specifications. 
4.2.4 AASHTO Live Loads with Impact 
AASHTO live loads with impact (LL + IM) are determined as the maximum load effect 
produced by an AASHTO HL-93 loading and AASHTO LRFD sections 3.6.1.2 and 3.6.2. This 
includes the worst case of truck or tandem loading with lane loads and impact as applicable.  
4.2.5 Non-composite Rating Factor 
Non-composite flexural rating factors are computed per AASHTO Manual for Bridge 
Evaluation (6A.4.2.1-1) with terms as defined in that section. Values specific to the bridges in this 
study are as shown in Equation 4-1. The live load per section 4.2.4. with impact is modified by the 
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AASHTO distribution factors as described in section 4.2.3. 
𝑅𝐹 =
𝐶 − 𝛾஽஼𝐷𝐶 − 𝛾஽ௐ𝐷𝑊 ± 𝛾௉𝑃
𝛾௅௅(𝐿𝐿 + 𝐼𝑀)
 Equation 4-1 
𝐶 = 𝜑௖𝜑௦𝜑𝑅௡ (6A.4.2.1-1) 
𝜑௖ = 1.0 per Table 6A.4.2.3-1 
𝜑௦ = 1.0 per Table 6A.4.2.4-1 
𝜑 = 1.0 per LRFD Design 6.5.4.2 
𝛾஽஼ = 1.25 per Table 6A.4.2.2-1 
𝛾஽ௐ = 1.50 per Table 6A.4.2.2-1 
𝛾௅௅ = 1.75 per Table 6A.4.2.2-1 
Non-composite flexural 𝑅௡ = 𝐹௬𝑍 per Table LRFD 
Design 6.10.7.1.2 
𝑃 = 0 for all bridges in this study 
 
4.2.6 Live Loads Applied during Testing 
Applied moment and shear live loadings were determined based on measured truck axle 
weights for both the load cases of two trucks, side-by-side in two lanes, and four trucks, two trucks 
back-to-back in each of two lanes. The average of axle loads for side-by-side trucks was used to 
allow live load distribution factors to be applied. The trucks were first positioned to maximize 
shear at distances of 2.0, 1.5, 1.0, and 0.5 times the depth from the center of the support. The trucks 
were then positioned to produce the maximum moment effect on the bridge. For each set of truck 
positions, strains were allowed to plateau and then measured before moving the trucks to the next 
set of truck positions. 
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Applied moments and shears were calculated based on simply supported beam 
assumptions. The percentage of AASHTO HL-93 loading achieved is the ratio of the moment 
produced by the live loads applied during testing and the moment produced by the AASHTO HL-
93 loading as described in section 4.2.4.  
4.2.7 Degree of Composite Action and Measured Section Properties 
For each girder, the degree composite action is determined based on strains measured 
during testing. Using girder strains recorded during load testing at the top and bottom of the girders 
at midspan, linear strain distributions were calculated through the depth for each girder. This strain 
distribution was then used to calculate actual neutral axis (NA) location for each girder. The strain 
distribution for the composite girder according to the interface conditions is shown in Figure 4-1. 
 
 
 
Figure 4-1: Strain distributions of a composite beam based on the interface conditions: (a) fully 
composite; (b) partially composite; (c) non-composite.  
 
59 
 
To determine the degree of composite action, the field estimated neutral axis was compared 
with the calculated neutral axis based on the full composite section assumption. The effective slab 
width – defined as the slab width that produces the NA location – was calculated. A completely 
non-composite girder has zero effective slab width, and a fully composite slab width is the full 
tributary slab width. For the case of partially composite, the slab width was adjusted until the 
calculated neutral axis matched the field estimated neutral axis. This effective slab width is then 
used to calculate the actual section properties which is used for determining distribution factors 
described in 4.2.8, modified rating factors described in 4.2.9., and shear stresses at the slab-girder 
interface as described in 4.2.10. 
4.2.8 Distribution Factors Determined from Live Load Testing 
Based on the neutral axis as determined by measured strains and the corresponding 
effective slab width, the section modulus for each girder is calculated. The moment carried by each 
girder is calculated as per Equation4-2. 
𝑀௜ = 𝐸𝑆௜𝜀௜ 
𝑀௜ = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑐𝑎𝑟𝑟𝑖𝑒𝑑 𝑏𝑦 𝑔𝑖𝑟𝑑𝑒𝑟 𝑖 𝑓𝑜𝑟 𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 
𝐸 = 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑔𝑖𝑟𝑑𝑒𝑟 
𝑆௜ = 𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑔𝑖𝑟𝑑𝑒𝑟 𝑖 
𝜀௜ = 𝑆𝑡𝑟𝑎𝑖𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖𝑛 𝑔𝑖𝑟𝑑𝑒𝑟 𝑖 
Equation4-2 
The distribution factor for each girder was then calculated by Equation4-3. 
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𝐷𝐹௜ =
𝑀௜
∑ 𝑀௜ହ௜ୀଵ
 
𝐷𝐹௜ = 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑔𝑖𝑟𝑑𝑒𝑟 𝑖 
𝑀௜ = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑐𝑎𝑟𝑟𝑖𝑒𝑑 𝑏𝑦 𝑔𝑖𝑟𝑑𝑒𝑟 𝑖 
Equation4-3 
4.2.9 Modified Rating Factor 
In accordance with the AASHTO Manual for Bridge Evaluation, the ratio of computed 
strain C (based on the measured effective section properties) to measured strain T  was then used 
to compute a rating factor modification factor as detailed below in Equation 4-4 to Equation 4-6. 
This analysis is based on the critical interior center girder. 
 𝑅𝐹் = 𝑅𝐹௖𝐾 Equation 4-4 
In Equation 4-4, 𝑅𝐹் is the modified rating factor taking into account test results, 𝑅𝐹௖ is 
the rating factor based on standard calculations which assumes non-composite action, and 𝐾 is an 
adjustment factor which incorporates the test results. 𝐾 is computed per Equation 4-5 below. 
 𝐾 = 1 + 𝐾௔𝐾௕ Equation 4-5 
𝐾௔ accounts for the difference between measured response based on load testing and 
expected response as shown below in Equation 4-6. 𝐾௕ accounts for the magnitude of the applied 
test load and confidence in extrapolating results and is defined in Table 8.8.2.3.1-1 in the AASHTO 
Manual for Bridge Evaluation.  
61 
 
For all structures 𝐾௕ was taken as 0.5, which reflects both the magnitude of the applied load and 
assumes results cannot be extrapolated to higher loads. 
 𝐾௔ =
𝜀௖
𝜀்
− 1 Equation 4-6 
4.2.10 Shear Stress at Girder-Slab Interface 
Using the maximum measured shear loading per section 4.2.6., the measured section 
properties from 4.2.7., and the measured distribution factors per section 4.2.8, the shear flow 
achieved during live load testing was calculated according to Equation 4-7. This value is compared 
to the recommended maximum shear flow of 100 psi recommended by the AASHTO Manual for 
Bridge Evaluation. 
                                                                          𝜏 =
𝑉 ∙ 𝐷𝐹 ∙ 𝑄
𝐼 ∙ 𝑏
 
τ=shear stress (ksi)                                             
V=calculated shear applied to bridge (kips) 
DF=distribution factor calculated from AASHTO specifications 
Q=First moment of area calculated from measured values (𝑖𝑛ଷ) 
I=second moment of area calculated from measured values (𝑖𝑛ସ) 
b=shear width between slab and girder flange (in) 
 
Equation 4-7 
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4.3 Live Load Test Results  
4.3.1 Steuben No. 3067 
The Steuben bridge No. 3067 over Dyer Creek is shown in Figure 4-2. Testing was 
conducted on July 21, 2016, with two trucks and with four trucks producing 53% and 78% of the 
moment produced by HL-93 loading with impact, respectively. The rating factors based on non-
composite girder behavior are 0.80 for interior and 1.04 for exterior girders, making this the lowest 
capacity bridge tested. The measured strains were as expected the highest for any of the bridges 
and partial composite action was observed. Table 4-1 shows the maximum measured strains and 
inferred neutral axis locations for this bridge. These conditions led to the most modest rating factor 
increases for this set of bridges. However, the non-composite rating factor was still able to be 
increased to 1.09 for the interior girder and 1.2 for exterior girder bringing the rating factors above 
1.0. 
The live load distribution factors determined from the measured strains and those 
calculated per AASHTO are shown in in Table 4-2, and generally indicate that the AASHTO 
distribution factors are conservative. This is likely due in part to the presence of integral concrete 
curb and guardrail visible in Figure 4-2 which will tend to attract load to the exterior girders. Shear 
flows and corresponding slip between the girder and slab for Steuben were calculated to be 67.6 
psi with 1.89 mils slip for the two-truck loading and 94.1 psi with 2.90 mils slip for the four-truck 
loading. These shear flows were low and the slips were high compared with other bridges tested 
in this research. This corresponds to the low degree of composite action observed in this bridge. 
These shear flows were below the 100 psi maximum recommended by AASHTO.  
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As shown in Table 4-1, strain measured at the ends of the girders indicates that there was rotational 
restraint leading to partial fixity and end moments. The strains at the girder ends for Steuben were 
lower as a percentage of measured midspan strain than those of other bridges in this study. 
 
Figure 4-2: Steuben No. 3067 General Condition  
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Table 4-1: Steuben No. 3067 Strain and Neutral Axis Data 
Steuben Two Trucks Four Trucks 
Girder Location 
Midspan North End 
South 
End Midspan 
North 
End 
South 
End 
µε 
Neutral 
Axis 
(in) 
µε µε µε 
Neutral 
Axis 
(in) 
µε µε 
1 Top 3.8 30.1 -1.36 - 5.7 30.0 -2.9 - Bottom 111.1 -11.8 -25.8 182.7 -16.4 -19.7 
2 Top -20.7 25.7 - - -28.0 26.0 - - Bottom 157.5 -25.2 -33.1 238.4 -48.0 -41.3 
3 Top -86.4 19.7 46.7 - 
-
109.8 20.7 65.5 - 
Bottom 180.4 -30.6 -33.1 270.3 -47.9 -48.0 
4 Top -10.5 27.5 - - -18.3 27.2 - - Bottom 181.6 - - 263.4 - - 
5 Top -0.9 28.9 - - -1.2 28.9 - - Bottom 145.8 - - 205.5 - - 
 
Table 4-2: Steuben No. 3067 Distribution Factors 
Steuben Two Truck Loading Four Truck Loading 
Girder AASHTO DF Measured DF % Difference Measured DF % Difference 
1 0.416 0.362 -13% 0.395 -5% 
2 0.516 0.366 -29% 0.368 -29% 
3 0.516 0.371 -28% 0.381 -26% 
4 0.516 0.422 -18% 0.407 -21% 
5 0.416 0.479 15% 0.449 8% 
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4.3.2 Waltham No. 3238 
The bridge in Waltham, No. 3238 over Union River, is shown in Figure 4-3. Testing was 
conducted on July 14, 2016, with two truck and four truck load cases producing 55% and 87% of 
the moment produced by HL-93 load with impact, respectively. This is the highest percentage of 
the HL-93 load applied among all the bridges. However, with a non-composite rating factor of 
1.17 for the interior girder and 1.03 for the exterior girder, Waltham also had the highest capacity. 
Given that full composite action was observed for this bridge, the strains were generally lower 
than those observed for the other four structures as shown in Table 4-3. Based on the field data, 
the rating factors were increased to 1.68 for interior girders and 1.71 for exterior girders. The 
distribution factors shown in Table 4-4 indicate relatively stiff interior girders and less stiff exterior 
girders. This is surprising given the condition of the relatively new guardrail and may be due to 
more restraint at the interior girder ends than the exterior ends producing lower than expected 
midspan maximum strains. 
Shear flows and corresponding slip between the girder and slab for Waltham were 
calculated/measured to be 57.1 psi with 0.80 mils of slip for the two-truck loading and 109.3 psi 
with 1.19 mils slip for the four-truck loading. This shear flow and slip correspond to the high 
degree of composite action observed in this bridge. The shear flow for the four trucks exceeded 
the 100 psi maximum recommended by AASHTO. There was partial fixity observed at the ends 
of the girders as measured by the negative strains at the bottom of these girders and given in Table 
4-3. The restraint for Waltham was greater than that of Steuben as a proportion of midspan strain, 
but lower than that observed in Windham and Buckfield. 
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Figure 4-3: Waltham No. 3238 General Condition  
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Table 4-3: Waltham No. 3238 Strain and Neutral Axis Data 
Waltham Two Trucks Four Trucks 
Girder Location 
Midspan North End 
South 
End Midspan 
North 
End 
South 
End 
µε Neutral Axis (in) µε µε µε 
Neutral 
Axis 
(in) 
µε µε 
1 Top 4.1 37.6 - - 5.2 37.2 - - Bottom 58.2 - - 84.9 - - 
2 Top 11.5 41.1 - - 23.2 43.2 - - Bottom 76.8 - - 121.3 - - 
3 Top 1.0 35.3 11.9 - 5.5 36.3 17.5 - Bottom 91.4 -41.7 -41.8 140.9 -66.5 -68.6 
4 Top 18.5 46.6 - - 17.1 41.1 - - Bottom 74.1 -6.8 -22.7 114.1 -7.7 -31.8 
5 Top 15.7 50.5 -2.4 - 17.7 45.1 -2.1 - Bottom 50.8 -33.8 -24.4 78.5 -66.9 -38.3 
 
Table 4-4: Waltham No. 3238 Distribution Factors 
Waltham Two Trucks Four Trucks 
Girder AASHTO DF Measured DF % Difference Measured DF % Difference 
1 0.38 0.319 -16% 0.304 -20% 
2 0.493 0.444 -10% 0.457 -7% 
3 0.493 0.529 7% 0.530 8% 
4 0.493 0.429 -13% 0.429 -13% 
5 0.38 0.279 -27% 0.281 -26% 
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4.3.3 Pembroke No. 3884 
The bridge in Pembroke, No. 3884 over Pennamaquan River, is shown in Figure 4-4. 
Testing on July 19, 2016 with two trucks and four trucks produced 49% and 81% of the moment 
produced by HL-93 loading with impact, respectively. The non-composite rating factors were 0.86 
for interior girders and 1.08 for exterior girders. Observed strains are shown in Table 4-5. For the 
center girder, full composite action was observed. The rating factors were increased to 1.33 for 
interior girders and 1.66 for exterior girders. The distribution factors shown in Table 4-6 show 
stiffer interior girders than the exterior, but in all cases, the distribution factors were less than those 
computed per AASHTO. 
Shear flows and corresponding slip between the girder and slab for Pembroke were 
calculated/measured to be 86.7 psi with 1.30 mils slip for the two-truck loading and 107.5 psi with 
1.90 mils slip for the four-truck loading. This shear flow and slip correspond to the high degree of 
composite action observed in this bridge. The shear flow for the four trucks exceeded the 100 psi 
maximum recommended by AASHTO. There was partial fixity observed in Pembroke as shown 
by the negative strains at the bottom of the girders given in Table 4-5. These negative strains were 
the largest in magnitude observed at the girder ends. 
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Figure 4-4: Pembroke No. 3884 General Condition 
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Table 4-5: Pembroke No. 3884 Strain and Neutral Axis Data 
Pembroke Two Trucks Four Trucks 
Girder Location 
Midspan West End 
East 
End Midspan 
West 
End 
East 
End 
µε Neutral Axis (in) µε µε µε 
Neutral 
Axis (in) µε µε 
1 Top -0.4 26.1 9.6 - -3.9 25.2 7.1 - Bottom 63.6 -27.4 -20.7 99.5 -43.1 -29.9 
2 Top -24.0 22.0 - - -24.4 23.2 - - Bottom 125.5 -26.4 -4.8 190.1 -55.9 -19.8 
3 Top -16.0 23.6 12.8 - -20.8 24.0 9.4 - Bottom 144.5 -55.8 -82.3 220.4 -88.1 -147.3 
4 Top -41.1 18.7 - - -53.4 19.7 - - Bottom 102.6 - - 160.9 - - 
5 Top 10.3 29.9 - - 11.0 28.9 - - Bottom 82.3 - - 118.1 - - 
 
Table 4-6: Pembroke No. 3884 Distribution Factors 
Pembroke Two Trucks Four Trucks 
Girder AASHTO DF Measured DF % Difference Measured DF % Difference 
1 0.449 0.291 -35% 0.297 -34% 
2 0.544 0.453 -17% 0.459 -16% 
3 0.544 0.536 -1% 0.532 -2% 
4 0.544 0.343 -37% 0.359 -34% 
5 0.449 0.377 -16% 0.352 -22% 
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4.3.4 Windham No. 5298 
The bridge in Windham, No. 5298 over the Pleasant River, is shown in Figure 4-5. On 
August 23, 2016, two truck and four truck loadings were applied producing 53% and 77% of the 
moment produced by HL-93 load with impact, respectively. This bridge had low non-composite 
rating factors for both interior (at 0.81) and exterior (at 0.99) girders. Due to the full composite 
action observed during testing, with both two truck and four truck loading indicating fully 
composite action, the strains as shown in Table 4-7 were low, and the rating factors can be 
increased to 1.26 and 1.56 for interior and exterior girders, respectively. The comparison between 
AASHTO-computed and measured distribution factors given in Table 4-8 indicate relatively stiff 
exterior girders. 
Shear flows and corresponding slip between the girder and slab for Windham were 
calculated/measured to be 75.5 psi with 2.20 mils slip for the two-truck loading and 118.1 psi with 
4.10 mils slip for the four-truck loading. The high shear flow coupled with relatively high 
measured slip is an outlier for the group of bridges tested, especially given the high degree of 
composite action observed in this bridge. The shear flow for the four trucks was 18% greater than 
the 100 psi capacity recommended by AASHTO and is the highest observed in this study. Partial 
rotational restraint was observed at the girder ends as shown by the negative strains in the bottom 
of the girder ends and noted in Table 4-7 As with the other bridges in this study, the partial fixity 
was consistent across the girders. 
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Figure 4-5: Windham No. 5298 General Condition 
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Table 4-7: Windham No. 5298 Strain and Neutral Axis Data 
Windham Two Trucks Four Trucks 
Girder Location 
Midspan South End 
North 
End Midspan 
South 
End 
North 
End 
µε 
Neutral 
Axis 
(in) 
µε µε µε Neutral Axis (in) µε µε 
1 Top -0.3 29.0 -4.1 - -6.5 27.6 -7.3 - Bottom 80.1 -12.8 -21.2 126.0 -26.4 -23.9 
2 Top -46.6 19.1 - - -76.7 17.9 - - Bottom 89.6 -28.2 -15.9 122.2 -55.6 -5.9 
3 Top 7.2 28.1 31.4 - 5.8 28.1 44.3 - Bottom 108.1 -48.5 -64.1 154.9 -78.4 -88.1 
4 Top -29.7 17.9 - - -46.2 16.8 - - Bottom 47.4 - - 62.9 - - 
5 Top 15.1 33.6 - - 17.3 33.6 - - Bottom 89.2 - - 123.1 - - 
 
Table 4-8: Windham No. 5298 Distribution Factors 
Windham Two Trucks Four Trucks 
Girder AASHTO DF Measured DF % Difference Measured DF % Difference 
1 0.431 0.479 11% 0.518 20% 
2 0.523 0.309 -41% 0.285 -46% 
3 0.523 0.470 -10% 0.480 -8% 
4 0.523 0.155 -70% 0.139 -74% 
5 0.431 0.588 36% 0.579 34% 
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4.3.5 Buckfield No. 5452 
The bridge in Buckfield, No. 5452 over the West Branch of the Nezinscot River is shown 
in Figure 4-6. On July 12, 2016, four trucks were used to produce 74% of the moment produced 
by HL-93 loading with impact for this span, the lowest of the four truck configurations observed 
in this study. Despite a relatively low degree of partial composite action, this bridge saw the highest 
increase in rating factors from 0.96 to 1.61 for interior and from 1.19 to 1.36 for exterior girders. 
Measured strains are given in Table 4-9, and distribution factors in Table 4-10. 
Shear flows and corresponding slip between the girder and slab for Buckfield were 
calculated/measured to be 69.1 psi with 5.05 mils slip for the four-truck loading. This shear flow 
is the smallest observed in this study, for four trucks, and slip is the highest observed in this study. 
This is consistent with Buckfield exhibiting the lowest degree of partial composite action of all 
bridges. The partial fixity at girder ends observed in Buckfield is indicated by the strains given in 
Table 4-9. 
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Figure 4-6: Buckfield No. 5452 General Condition 
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Table 4-9: Buckfield No. 5452 Strain and Neutral Axis 
Buckfield Four Trucks 
Girder Location 
Midspan East End 
µε Neutral Axis (in) µε 
1 Top 18.2 30.0 - Bottom 144.9 - 
2 Top 47.8 39.1 - Bottom 145.7 - 
3 Top -71.0 18.4 - Bottom 166.8 -106.6 
4 Top -99.5 15.1 - Bottom 134.5 -66.4 
5 Top 12.1 28.1 -7.3 Bottom 186.5 -94.3 
 
Table 4-10: Buckfield No. 5452 Distribution Factors 
Buckfield Four Trucks 
Girder AASHTO DF Measured DF % Difference 
1 0.44 0.472 7% 
2 0.53 0.405 -24% 
3 0.53 0.346 -35% 
4 0.53 0.248 -53% 
5 0.44 0.529 20% 
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4.4 Summary of Live Load Test Data and Conclusions  
Analysis of the bridges tested is described in detail in this chapter. In general, calculations were 
based on mechanics of materials principles and AASHTO code requirements including the Manual 
for Bridge Evaluation.  
A high percentage of the HL-93 moment with impact (at least 74% for Buckfield) was applied 
to the structures. For all structures, the four trucks were successful in loading the bridges to desired 
percentages to justify rating factor increases. While three of the five bridges showed full composite 
action, significantly less composite action was observed for Steuben and Buckfield.  
Live load distribution factors inferred from the test data showed the AASHTO values are 
conservative for four of the five bridges. The maximum percent differences are observed in 
Steuben and Buckfield, the two bridges that showed minimal composite action compared to the 
other bridges in this study. 
Shear stresses and slips between the girder and slab were determined for all bridges. The slip 
was measured directly by installing LVDTs connected to the girder and pushing against plates 
adhered to the slab. The shear flow was computed based on applied load and field-observed girder 
properties, and detailed calculations are given in Appendix A. In general, the two bridges with the 
least composite action, Steuben, and Buckfield, not surprisingly show the largest degree of slip as 
well as the lowest calculated shear stress at the girder flange-slab interface. The three bridges 
showing full composite action had relatively little slip, except for one girder at Windham that 
appears to be an outlier. 
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One important observation was that measured strains near the girder ends for all bridges 
indicated some rotational restraint at each abutment. This rotational restraint was likely responsible 
for reductions in girder flexural strain at mid-span compared to a simple-span condition and 
therefore contributed to the rating factor increases. However, the presence of this rotational 
restraint at higher loads and over the full range of seasonal temperature variations is not 
guaranteed. 
The test results and analyses presented here justify significant increases in the rating factors 
for all the bridges according to the AASHTO Manual for Bridge Evaluation as shown in Table 
4-11. Even those bridges showing partial composite action, Steuben and Buckfield, had increases 
in the rating factor of 36% and 68% for interior girders. The average increase in rating factors for 
the critical interior girders of all bridges was 51.6%, with minimum and maximum increases of 
36% and 68%. All rating factor increases have been calculated based on the assumption that the 
observed results cannot be confidently extrapolated to loads of 33% beyond that produced by an 
HL-93 load with impact, largely due to uncertainty regarding the presence of support rotational 
restraint at higher loads. 
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Table 4-11: Summary of the AASHTO and Modified Rating Factors of Interior and Exterior 
Under Four Trucks Loading 
Bridge 
Non-composite 
Girder Rating 
Factors 
K Values for Four 
Trucks Loading 
Modified Girder 
Rating Factors  
Composite 
Action 
Observed 
Interior Exterior Interior Exterior Interior Exterior 
Steuben 0.8 1.037 1.36 1.16 1.09 1.20 Partial 
Waltham 1.17 1.03 1.43 1.66 1.68 1.71 Full 
Pembroke 0.86 1.085 1.55 1.53 1.33 1.66 Full 
Windham 0.81 0.99 1.55 1.58 1.26 1.56 Full 
Buckfield 0.96 1.19 1.68 1.14 1.61 1.36 Partial 
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5   FINITE ELEMENT MODELING 
5.1 Introduction 
In this chapter, the most important aspects of the finite element model are addressed, 
including components considered in the model, element type selection, verification of method for 
modeling of composite action, modeling the end restraint, and modeling the slab boundary 
condition. Details of the final model and mesh convergence study are presented. Different load 
scenarios were applied to the FE models and compared with results of the field loadings. 
5.2 Components Considered in Finite Element Models 
The number of assumptions were minimized in the FE models. As discussed in the 
literature, there are several factors that influence the actual behavior of a bridge. Therefore, the 
models take into account the effect of the secondary components, the effect of unintended 
composite action, shear transfer between deck and girders, unintended end fixity, and the slab 
boundary conditions.  
5.2.1 Secondary Components  
Besides the main components of the bridge superstructure (deck and girders), other 
components were considered to get a more realistic model that captures the actual behavior of that 
bridge. Many researchers have concluded that the existence of secondary and nonstructural 
components enhances the stiffness of these bridges and reduces the girder load distribution factors 
(Chajes and Shenton, 2005; Eamon and Nowak, 2002; Stallings and Yoo, 1993; Bakht and Jaeger, 
1990). Specifically, steel girder bridges, which are flexible compared to concrete bridges, tend to 
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benefit more from the presence of secondary and nonstructural components than the typically more 
stiff concrete bridges (Eamon and Nowak, 2002). The components considered were:  
1. Bracing components: bracing plates and channels 
2. Curb and Railing:  The curb was considered because it was monolithically poured with 
the deck. The guardrail was considered in the FE-model as it significantly increases the 
stiffness of the exterior girders especially for Waltham and Pembroke were the 
guardrail replaced with a standard Maine bridge rail system. 
3. The concrete haunch between the girder top flange and bottom of deck was also 
considered in the FE model.  
4. Bearing plates were modeled using contact conditions to accurately represent the girder 
constraints.  
5. The effect of the abutments was also considered in the FE model to represent the slab 
supports at the ends of the deck for all the bridges except Waltham. These supports are 
integral with the abutments. 
5.2.2 Unintended Composite Action 
In the absence of mechanical shear connectors at the girder-slab interface, field tests have 
shown a degree of composite action between the girders and slab (Breña et al., 2013; Kwasniewski 
et al., 2000; Stalling and Yoo, 1993; Bakht and Jaeger, 1990). The modeling approach and 
verification procedure for idealizing the unintended composite action is presented later in this 
chapter. 
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5.2.3 End Restraint  
Several field tests have shown the existence of rotational restraint at the ends of the girders 
(Kwasniewski et al., 2000; Stalling and Yoo, 1993; Bakht and Jaeger, 1990, 1988). Girder bearings 
provide horizontal restraint due to friction and bolts attaching the girders to the bearings. Some 
researchers have used linear springs to model the girder restraint (Yost and Commander, 2005; 
Eom and Nowak, 2001; Kwasniewski et al., 2000). A novel approach was adopted in this study to 
model the end restraintthat relies on the application of discrete forces to the girder bottom flanges 
as presented later in this chapter.   
5.2.4 Slab Boundary Condition 
There is a possibility that a fraction of the applied load is carried directly by the deck slab 
spanning between end supports of the bridge, and this alternative load path is considered in the FE 
model. More discussion about modeling the slab boundary conditions is presented later in this 
chapter.  
5.3 Selection of Element Type 
As discussed in the literature review in Chapter 2, it is preferable to use solid elements for 
the concrete components like the slab, curbs, railings, and abutments as the solid elements more 
accurately capture the structure geometry and distribution of local stress compared to shell and 
beam elements. Using solid elements to model the deck, curbs, railings, and abutments while using 
shell elements to idealize the thin steel components like girders, bracing members, and bearing 
plates gives an accurate and computationally tractable representation of geometrical and physical 
properties of the bridge components. Further details about the type of elements used are presented 
herein.  
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5.3.1 Three-dimensional Solid Elements  
The essential stress/displacement elements available in ABAQUS element library are the 
4-node linear tetrahedron element, the 6-node linear triangular prism element, the 8-node linear 
brick element, the 10-node quadratic tetrahedron element, the 15-node quadratic trianglular prism 
element, and the 20-node quadratic brick element. Each of these elements has three degrees of 
freedom per node. Figure 5-1 shows the 20-node Quadratic Brick Element (ABAQUS 
Documentation 2013).  
 
Figure 5-1: 20-node Quadratic Brick Element (ABAQUS Documentation 2013) 
 
Several researchers have previously used solid elements in idealizing the concrete 
components of bridges as this type of element allows for a comprehensive analysis and more 
details about the distribution of local stress (Sanayei et al., 2015; Eamon and Nowak, 2002; Eom 
and Nowak, 2001; Kwassniewski et al., 2000; Mabsout et al., 1997). 
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Chung and Sotelino (2005) showed that for the same level of mesh density, quadratic 
elements are more accurate than linear elements, and 20-node quadratic hexahedral elements 
(quadratic brick elements) were used in this study to model the concrete components of bridges.  
5.3.2 Three-dimensional Shell Elements 
In terms of three-dimensional shell elements, the ABAQUS element library has three types 
of elements: conventional, continuum, and axisymmetric shell elements. Triangular and 
quadrilateral conventional elements are available with linear interpolation and large strain or small 
strain formulations.  
Many studies have suggested using shell elements for idealizing the steel components of 
bridges (Sanayei et al., 2015; Eamon and Nowak, 2002; Eom and Nowak, 2001; Kwassniewski et 
al., 2000; Mabsout et al.,1997). As the quadratic elements are more accurate than linear elements 
for the same level of mesh density and to ensure compatibility with the quadratic brick elements 
used for the concrete components, 8-node doubly curved thick shell elements with six degrees of 
freedom (DOFs) per node were utilized in this analysis for modeling the steel components. Figure 
5-2 shows the eight-node doubly curved thick shell element. 
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Figure 5-2: 8-node doubly curved thick shell element (ABAQUS Documentation 2013) 
 
5.4 Model Description 
In this section, model geometry, materials properties, model assembly, type of analysis, 
interactions, meshing technique, and loads and boundary conditions are detailed.  
5.4.1 Model part geometry 
In the process of creating the FE model, eight parts were created to represent the bridge 
components. These parts fall into two main categories: first, concrete components include deck, 
curb, railings, and abutments; the second category represents the steel components that include 
girders, bracing components (bracing plates and channels) and bearing plates. 
5.4.2 Material Properties:  
Homogenous sections were assumed for both solid and shell parts. Initially, the properties 
of steel and concrete were considered based on the values recommended by the AASHTO Manual 
for Bridge Evaluation (AASHTO 2010).  
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However, as discussed in the literature, Kwasniewski et al., 2000 have shown how modifying the 
material properties, especially concrete compressive strength based on the field measurements, 
affects bridge response. Due to the lack of data on the actual compressive strength of the concrete, 
the nominal values recommended by AASHTO Manual for Bridge Evaluation (AASHTO 2010) 
were used for all bridges except the Pembroke bridge where the deck, curbs, and railings were 
replaced in 1999 with a concrete having a documented strength. The material properties used in 
the finite element models for all the bridges are presented in Table 5-1.  
Table 5-1 : Material Properties Used in the FE Models Recommended by MBE 2010 
Bridge Year of Construction 
Material 
Steel Concrete 
Modulus 
of 
Elasticity 
(ksi) 
Poissons 
Ratio 
Compressive 
strength (ksi) 
Modulus 
of 
Elasticity 
(ksi) 
Poissons 
Ratio 
Pembroke* 1944 29000 0.3 6.0 4500 0.2 
Waltham 1935 29000 0.3 2.5 2880 0.2 
Steuben 1949 29000 0.3 2.5 2880 0.2 
Windham 1950 29000 0.3 2.5 2880 0.2 
Buckfield 1951 29000 0.3 2.5 2880 0.2 
*concrete compressive strength was modified 
 
5.4.3 Model Assembly and Type of Analysis 
The bridge components were assembled to match their nominal locations in the real 
structures. Figure 5-3 shows the model assembly. General static analysis was considered. The 
default ABAQUS solver with default incrementation was employed.  
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Figure 5-3: Model Assembly for Pembroke Bridge 
 
5.4.4  Interactions 
 After assembling the components, it was necessary to model the proper interaction between 
the contacted components. Different surface-to-surface contacts were used to ensure a realistic 
model that captures the actual behavior of the bridge as follows: 
a) Frictional surface-to-surface contact using tangential and normal behavior was assumed 
between the abutments and slab extensions from both ends to capture the part of the loads 
that transfer directly to the slab. The coefficient of friction considered in the FE models 
was equal to 0.5 (ElGawady and Dawood, 2012). 
b) Surface-to-surface tie connectors were used to connect girders with bearing plates, girders 
with bracing plates, bracing plates with channels, and deck to railings.  
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c) Cohesive behavior contact was used to model the composite action between steel girders 
and concrete deck. Details of modeling the full and partial composite action are presented 
later in this chapter.  
d) A novel approach was employed to model the end restraint by using axial compression 
forces. More details about this approach are presented in section 5.6. The final end forces 
were determined via rigorous optimization as presented later in this chapter.  
5.4.5 Loads and Boundary Conditions 
 
5.4.5.1 Vehicle Loads 
Maximum moment and maximum shear load cases for two and four truck loads were 
considered in this model as shown in Figure 3-8. The weight of the trucks was applied using a 
pressure load to match the actual loads and tire contact areas. Mesh partitioning was used to 
simplifty the definition and placement of the loads.  
5.4.5.2  Boundary Conditions 
A line of rollers was applied to the center of the bearing plates to prevent the vertical and 
transverse displacements (in Y and Z directions as shown in Figure 5-4). In addition, the bases of 
the abutments supporting the beams were fixed against displacement and rotations. As an 
illustrative example, Figure 5-4 shows the applied truck loads applied and boundary conditions the 
Pembroke bridge. 
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 Figure 5-4: Loads and boundary conditions of the Bridge of Pembroke 
 
5.4.6 Meshing 
The ABAQUS software package has many techniques available to mesh each component. 
The free mesh technique was used in meshing the shell parts while the structural meshing 
technique was considered for the solid components as their geometry was more complicated than 
the shell components. The first step in the all meshing techniques was to determine the number of 
seeds. Using this option makes it feasible to distribute the seeds uniformly along the geometry. 
Partitioning was effectively employed to achieve uniform meshing and uniform nodes distribution 
in the bridge components, especially the parts that were in contact. Figure 5-5 shows the meshing 
of the bridge components. 
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Figure 5-5: Meshing of the Bridge Components 
 
5.4.7 Mesh Convergence study 
Mesh density is an important driver of model accuracy as well as solution time. As the 
computational costs increase as the mesh is refined, it was important to determine the mesh density 
that gives eonvergent results with a reasonable computation time. Mesh refinement was addressed 
by running the model with a different mesh size and studying the effect on strain at midspan of the 
interior girder (Girder 3) in the bottom flange, the critical value used to compute the bridge rating 
factor. Because of model complexity, minimizing the number of distorted elements was also 
considered in selecting the effective mesh density. The results with target element size of 8 inches 
gives reasonable results with a minimum number of distorted elements as presented in Table 5-2. 
The model with a maximum element size of 8 inches predicts strain within 1% of the most highly 
refined mesh having a 4 inches maximum element size, and has the smallest number of distorted 
elements. 
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Table 5-2: Mesh Convergence Study  
Mesh Size (in) 
Strain Reading at the 
bottom flange of girder 3 at 
midspan 
Number of Distorted 
Elements 
4 226.31 161 
6 225.13 146 
8 224.08 63 
10 223.31 226 
15 221.48 948 
20 220.20 870 
30 217.23 791 
 
5.5 Modeling unintended composite action 
Based on the field data, full and partial composite action was observed. To capture this, 
shear stiffness at the interface between girders and the deck was modeled. To verify the method of 
modeling full and partial composite action, a simple beam was simulated. The results from the FE 
model of this single, simple beam were compared with the analytical solution in the case of full 
composite action, and the response with lesser degrees of composite action was also simulated to 
verity that reducing the slab-girder interface stiffness captured partial composite action. 
Furthermore, a model of the Pembroke bridge with two truck maximum moment loading was 
considered with full and partial composite action. The end restraint was ignored in this model for 
simplicity.  
5.5.1 Simple Beam Model 
 This approach was considered to verify the accuracy of modeling the shear stiffness at the 
interface between girders and the deck using the cohesive behavior contact in ABAQUS. 
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The model consisted of a steel I-beam that was fully connected to a concrete slab strip. The 
analytical solution developed by Chen and Yossef (2016) and Girhammar et al. (1993) was 
determined for the two extreme cases (fully composite and noncomposite section) to define the 
range of full, partial, and non-composite behavior. The same model geometry was modeled using 
ABAQUS with two methods for modeling composite action. The first FE model was built with a 
full rigid connection between the steel beam and concrete deck. The second model employed the 
cohesive behavior contact with different values for shear stiffness coefficients. These coefficients 
were changed in the model until the FE results matches the analytical solution. Detailed 
calculations and the model description are presented in Appendix B. A summary of the results is 
presented in Table 5-3, Table 5-4, Figure 5-6, and Figure 5-7  which indicate that the cohesive 
elements can be used to model different levels of composite action. 
Table 5-3: Summary of Simple Beam Model Results for the Case of Fully Composite Section 
 Analytical solution 
FE Error between the analytical 
and Cohesive Behavior model  Cohesive behavior 
Rigid 
connection 
Stress 0.371 0.347 0.347 6% 
Deflection 0.013 0.0136 0.0136 5% 
 
Table 5-4: Summary of Simple Beam Model Results for the Case of Non-Composite Section 
 Analytical solution FE cohesive behavior model Error 
Stress 0.506 0.456 10% 
Deflection 0.03 0.032 7% 
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Figure 5-6: Deflection at Midspan Vs. Shear Stiffness Coefficient for Simple Beam Model  
 
Figure 5-7: Stress at Midspan Vs. Shear Stiffness Coefficient for Simple Beam Model 
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5.5.2 Pembroke Two Trucks Loading Model  
A model of Pembroke bridge with two truck maximum moment loading was also used to 
study the modeling of composite action. The end restraint effect was ignored in this model for 
simplicity. The case of fully composite action was compared based on two models:  In the first 
model, a rigid connection between slab and girder was assumed to represent the fully composite 
case. The maximum strain at the mid-span of the middle girder at the bottom flange was considered 
for comparison. The maximum strain at the bottom of the middle girder was: 
𝜀௙௨௟௟௬ೝ೔೒೔೏ = 216 𝜇𝑠𝑡𝑟𝑎𝑖𝑛 
The other model was built using surface-to-surface contact with cohesive elements between 
the girder top flanges and slab. The cohesive behavior property requires three parameters to be 
defined: 𝑘௡௡, the normal stiffness coefficient as well as the shear stiffness coefficients 𝑘௦௦ 𝑎𝑛𝑑 𝑘௧௧. 
The first parameter is related to separation so it was set to a large number of (10଺  ௞௜௣
௜௡మ
). The other 
two parameters (shear stiffness coefficients in the plane of the cohesive element) were assumed 
equal.  
The model with cohesive behavior was run with a range of values of 𝑘௦௦ values and the 
results of maximum strain at the bottom of the middle girder are presented in Figure 5-8.The 
cohesive behavior models gave exactly same results as the rigid connection model for 𝑘௦௦ ≥
10ସ kip/inଶ . The results show that the cohesive behavior models gave results with about 1% 
difference for 𝑘௦௦ = 65 kip/inଶ as seen in the Figure 5-8.  
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The same model was used with four truck loading for maximum moment. The comparison 
between rigid connection model and cohesive behavior models was conducted, and same 
conclusions were drawn as for the two trucks maximum moment loading model.  
Also, the field-measured neutral axis location along the girder and the measured slip were 
controlled by the value of the shear stiffness parameter. For Pembroke bridge, the final set of 
values for the shear stiffness for each girder is presented in Table 5-5, while the final shear stiffness 
coefficients for other bridges are presented in Appendix B. With these shear stiffness values, a 
good agreement was achieved with the field data. These shear stiffness values were identical for 
the two and four trucks loading, indicating that the degree of composite action observed in the 
field was not affected by load level.  
Table 5-5: Final Shear Stiffness Values for Pembroke Bridge 
Girder 
number 
Degree of composite  
action based on field 
data 
Shear stiffness 
coefficient 
( kip/inଶ) 
Measured 
neutral axis 
location (in)  
Model predicted 
neutral axis 
location (in)  
G1 Full 100 25.23 25.16 
G2 Full 100 23.23 25.15 
G3 Full  100 23.95 24.73 
G4 Partial  20 19.68 23.60 
G5 Full  100 23.97 25.18 
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Figure 5-8: Strain at Midspan Vs. Shear Stiffness Coefficient Pembroke Two Trucks Loading 
Model 
 
5.6 Modeling Girder End Restraint  
5.6.1 Introduction 
Many studies have shown the existence of restraint at the ends of the girders by field tests 
(Kwasniewski et al., 2000; Stalling and Yoo, 1993; Bakht and Jaeger, 1990, 1988). The mechanism 
of bearing restraint can be explained as follows: as the live load (truck) applied, the girder bottom 
flange attempts to move outward relative to midspan. This movement induces a horizontal reaction 
because of the frictional force developed at girder bearing interface, or due to forces developed at 
bolts or other sources of bearing restraint such as corrosion of the bearing plates. Bakht and Jaeger 
(1988) presented an approach to determine the frictional force by considering the bearing forces 
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as the support reaction times the coefficient of friction between the bottom flange of the girder and 
the bearing plate. Because this force acts below the neutral axis of the girder, a moment restraint 
is produced at the supports equal to the bearing restraint force times the distance from the bottom 
of the girder to the neutral axis. The end restraint reduces the load-induced bending strains at 
midspan and produces negative moments at the girder ends.  
5.6.2 Modeling End Restraint  
Axial compressive forces were applied to the bottom flange of each girder ends to capture 
end restraint as shown in Figure 5-9. That was equivalent to applying an axial force acting at the 
neutral axis of the composite section and negative bending moment, which is consistent with the 
significant negative strains that were consistently recorded during the field load tests near the 
girder ends. Initially, the number of unknown parameters was ten corresponding to a force at each 
end of each girder calculated using the analytical approach as shown in Table 5-7. It was obvious 
that the entire structure is not in equilibrium since the summation of the axial forces was not equal 
to zero. To ensure the stability of the structure, only nine independent unknown parameters were 
defined while the last end force was determined by satisfying global equilibrium of the structure. 
While the rotation about the vertical axis was prevented by the constraints in the transverse 
direction as presented earlier. Also, linear and rotational springs with very small stiffness 
(10ି଺  ௞௜௣
௜௡
) were placed at the girder ends to constrain the movement in the longitudinal direction 
and other free rotational degrees of freedom. The complexity was increased due to the interaction 
among these parameters in the three-dimensional finite element model. The horizontal restraining  
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forces at the bottom flange of the girders were optimized by minimizing the difference between 
the FE-predicted and the field-measured strains.  
 
Figure 5-9: Modeling the Partial Restraint by Applying Axial Forces 
 
Strain values measured at the ends of the girders on the bottom flanges were used to 
determine initial estimates for the values of axial forces for girders 1, 2 and 3 that had gages at 
these locations. For girders 4 and 5, the forces were assumed to be equal on both ends and the 
forces were determined based on the strain at midspan. The composite section properties for 
Pembroke used in the calculations were: 𝐴௖ = 74 𝑖𝑛ଶ ;  𝑆௖ = 347.8 𝑖𝑛ଷ ; 𝑦ᇱ = 23.4 𝑖𝑛. 
End forces Pi were assumed to act at the center of the bottom flange of each girder end. 
Ten end forces were applied to the structure to produce both axial compression and negative 
moment in each girder (i.e. two different forces at each girder ends) more details are presented in 
section 5.7. The end forces were determined using Equation 5-1 where ε୘୧ is the field-measured 
strain at the end of the girder, ε୊୉୧ is the FE-predicted strain at the end of the girder (see Table 5-
6), 𝐴௖ is the girder transformed cross-sectional area, 𝑆௕ is the bottom section modulus, 𝐸௦ is the 
modulus of elasticity of steel, and 𝑦′ is the depth of the neutral axis from the bottom of the girder. 
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All these forces were evenly distributed over the flange width to avoid stress concentrations. The 
end forces calculated using Equation  5-1 are presented in Table 5-7.  
 (𝜀்௜ − 𝜀ிா௜) . 𝐸௦ =
௉೔
஺೎
+ ௉೔ .  ௬ᇱ
ௌ್
   Equation 5-1 
 
Table 5-6: Summary of Field Strains and FE Strain Results Without the Effect of End Restraint 
for Pembroke Maximum Moment Four Trucks Used to Calculate End Forces 
Girder 
number 
Sensors 
Location 
Field Data FE Model 
West 
end Mid-span East end 
West 
end Mid-span East end 
1 Bottom flange -43.12 99.51 -29.87 26.9 145.87 24.44 
2 Bottom flange -55.89 190.06 -19.84 27.68 280.67 31.72 
3 Bottom flange -88.12 220.41 -147.3 33.53 338.02 34.55 
4 Bottom flange  160.88   270.46  
5 Bottom flange  118.14   165.41  
 
Table 5-7: Initial Axial Compressive Forces Simulating End Restraint Pembroke Maximum 
Moment Four Trucks 
Girder Number Load at bottom flange of the girders West end (kip) 
Load at bottom flange of the 
girders East end (kip) 
1 25 19 
2 30 19 
3 44 65 
4 20 20 
5 8 8 
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Table 5-8: Field and FE Strain Results Using the Analytical Approach for Calculating End 
Forces for Pembroke Maximum Moment Four Trucks 
Girder 
number 
Sensors 
Location 
Field Data FE Model 
West 
end Mid-span East end West end Mid-span East end 
1 
Top flange 7.12 -3.86  1.10 -4.59  
Mid-web  45.74   45.72  
Bottom flange -43.12 99.51 -29.87 -56.33 100.83 -59.11 
2 
Top flange  -24.40   -13.09  
Mid-web  77.04   100.35  
Bottom flange -55.89 190.06 -19.84 -75.84 209.67 -39.64 
3 
Top flange 9.40 -20.75  3.94 -15.77  
Mid-web -46.81 93.41  -36.27 126.36  
Bottom flange -88.12 220.41 -147.30 -109.57 263.83 -183.41 
4 
Top flange  -53.38   -23.46  
Mid-web       
Bottom flange  160.88   216.85  
5 
Top flange  11.02   4.44  
Mid-web       
Bottom flange  118.14   133.09  
 
This novel approach was very effective in giving a good agreement with the field data as 
shown in Table 5-8. However, this approach was refined further as described next. 
5.7 Optimization Technique  
One disadvantage to the analytical approach is that it does not account for the interaction 
between girders inherent in the actual three-dimensional structure. To overcome this, an 
optimization technique was also employed to calibrate the FE models using the field data. The 
least-squares objective function in Equation 5-2 was used to quantify the discrepancy between the 
FE analysis results and the field data, where 𝜀ிா  and 𝜀் are the FE and the field strain readings.  
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The parameters considered in the optimization routine were forces Pi at the girder ends that 
represent the restraining forces exerted on the girders. 
 
∅ = ඩ෍(𝜺𝑭𝑬 − 𝜺𝑻)𝟐
𝒏
𝒊ୀ𝟏
𝟐
 
Equation 5-2 
The optimization was accomplished by employing the Nelder-Mead simplex algorithm. 
This algorithm ﬁnds a minimum of a function of several variables without diﬀerentiation. This 
algorithm is implemented in the built-in MATLAB function fminsearch which finds a minimum 
of an unconstrained multivariable function using a derivative-free method (MATLAB R2017a). 
MATLAB functions were used to drive ABAQUS and carry out the analysis. The initial set of the 
unknown parameters (forces) was calculated based on the analytical approach presented earlier. 
As discussed in the previous section, only nine independent unknown parameters were defined 
while the last end force was determined by satisfying global equilibrium of the structure. While 
the rotation about the vertical axis was prevented by the constraints in the transverse direction 
presented earlier. Also, linear and rotational springs with very small stiffness (10ି଺  ௞௜௣
௜௡
) were 
placed at the girder ends to constrain the movement in the longitudinal direction and other free 
rotational degrees of freedom. 
However, it was observed from the field data that the strains at both ends of each girder 
were similar in all the bridges except Pembroke. This allowed the number of unknown parameters 
to be reduced to five by applying equal and opposite forces at the ends of each girder, which 
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ensured that global equilibrium was satisfied without the need for introducing any additional 
constraint. 
Table 5-9: Final Axial Compressive Forces for Simulation the End Restraint Determined by 
Optimization Routine for Pembroke Maximum Moment Four Trucks 
Girder Number Load at bottom flange of the girders West end (kip) 
Load at bottom flange of the 
girders East end (kip) 
1 3.75 28.44 
2 23.50 11.12 
3 32.56 49.47 
4 128.44 98.18 
5 2.08 3.11 
Total 194.34 190.34 
 
These forces were also used to determine an effective coefficient of friction for the bearings 
of 0.94. This value is close to the effective coefficient of friction of 1.0 reported by Bakht and 
Jaeger (1988) for a steel girder bridge. The results from the optimization routine are presented in 
Table 5-9, Table 5-10, and Table 5-11.  
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Table 5-10: Field and FE Strain Results Using the Optimization Routine in Determining the End 
Forces for Pembroke Bridge Maximum Moment Four Trucks 
Girder 
number 
Sensors 
Location 
Field Data FE Model 
West end Mid-span East end West end Mid-span East end 
1 
Top flange 7.12 -3.86  -4.75 0.28  
Mid-web  45.74   51.91  
Bottom flange -43.12 99.51 -29.87 -47.76 104.81 -35.60 
2 
Top flange  -24.40   -7.78  
Mid-web  77.04   92.57  
Bottom flange -55.89 190.06 -19.84 -57.54 190.74 -26.03 
3 
Top flange 9.40 -20.75  -3.56 -13.83  
Mid-web -46.81 93.41  -41.46 106.23  
Bottom flange -88.12 220.41 -147.30 -91.20 224.08 -150.75 
4 
Top flange  -53.38   -42.61  
Mid-web       
Bottom flange  160.88   168.7  
5 
Top flange  11.02   -6.82  
Mid-web       
Bottom flange  118.14   93.12  
The magnitude of the error ∅ was 49.02 μstrain.  
 
Table 5-11 Field and FE Prediction Slips for Pembroke Maximum Moment Four Trucks 
Girder Four Trucks Maximum Moment Measured Slips FE Slip Predictions 
Interior 1.38E-03 3.10E-03 
Exterior 3.54E-04 4.16E-04 
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5.8 Summary of the Finite Element Modeling  
The finite element models were created to simulate the actual behavior of the bridges tested 
in this research. All the components of the bridge were implemented in the FE models in an attempt 
to minimize the number of assumptions. Twenty-noded brick elements were used to model the 
concrete components of the bridge including deck, curbs, railings, and abutments while 8-noded 
shell elements were employed to idealize the thin steel components including girders, bracing 
members, and bearing plates in order to give an accurate and computationally tractable 
representation of geometrical and physical properties of the bridge components. Different contact 
conditions were defined between the components. The weight of the trucks was applied using 
pressure loads that matched the actual loads and tire contact areas. A novel approach was 
developed to capture the observed full and partial composite action as well as rotational restraint 
of the girder ends. An optimization technique was also adopted to calibrate the models using the 
field data.  The FE models showed good agreement with the field data. The next chapter compares 
the predictions of these FE models with the field-measured response. 
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6  COMPARISON BETWEEN EXPERIMENTAL, CODE, AND FINITE ELEMENT 
RESULTS 
For each bridge, two sets of predicted results from the FE models were compared with field 
data. The first set was taken from the model with the end forces calculated based on the analytical 
approach presented earlier. The second set was based on employing the optimization technique. 
The FE results show reasonable agreement with the field data for both cases, although as expected, 
the strains predicted with the optimized end forces are more accurate as shown in Figure 6-1, 
Figure 6-2, Figure 6-3, Figure 6-4, Figure 6-5, Figure 6-6, Figure 6-7, Figure 6-8, Figure 6-9, and 
Figure 6-10 for Pembroke, Waltham, Steuben, Buckfield, and Windham respectively. The slips 
predicted by FE models are also compared with the field data as presented in Figure 6-11 and 
Figure 6-12 for the interior and exterior girder of all the bridges respectively. Finally, the shear 
flow predicted by the FE models are also compared with the analytically calculated shear flow 
using Equation 4-7 as presented in Figure 6-13 and Figure 6-14.  
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Figure 6-1: Field and FE Maximum Strain at Midspan for Pembroke under Four Truck Loading  
 
Figure 6-2: Field and FE Neutral Axis Location at Midspan for Pembroke under Four Truck 
Loading 
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Figure 6-3: Field and FE Maximum Strain at Midspan for Waltham under Four Truck Loading 
 
Figure 6-4: Field and FE Neutral Axis Location at Midspan for Waltham under Four Truck 
Loading 
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Figure 6-5: Field and FE Maximum Strain at Midspan for Steuben under Four Truck Loading 
 
Figure 6-6: Field and FE Neutral Axis Location at Midspan for Steuben under Four Truck 
Loading 
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Figure 6-7: Field and FE Maximum Strain at Midspan for Buckfield under Four Truck Loading 
 
Figure 6-8: Field and FE Neutral Axis Location at Midspan for Buckfield under Four Truck 
Loading 
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Figure 6-9: Field and FE Maximum Strain at Midspan for Windham under Four Truck Loading 
 
Figure 6-10: Field and FE Neutral Axis Location at Midspan for Windham under Four Truck 
Loading 
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Figure 6-11: Measured and Predicted Slips for the Interior Girder for all the Bridges 
 
Figure 6-12: Measured and Predicted Slips for the Exterior Girder for all the Bridges  
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Figure 6-13: Analytically Calculated and FE Predicted Shear Flow under Four Truck Loading for 
the Interior Girder 
 
Figure 6-14: Analytically Calculated and FE Predicted Shear Flow under Four Truck Loading for 
the Exterior Girder 
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6.1 Summary of the Results  
For all the bridges, the FE strain results at midspan for all the girders under maximum 
moment four truck loading show reasonable agreement with the field data, although as expected, 
the strains predicted with the optimized end forces are more accurate. Neutral axis depths estimated 
using the field tests were very close to those predicted by the FE models. For the center girder in 
the Pembroke bridge, the FE model predicted higher slip and low shear flow than the field slip and 
the analytically calculated shear flow respectively. Furthermore, the predicted strain and neutral 
axis location were slightly higher the field data. This was also true for the Buckfield bridge except 
the strain reading was lower than field strain. The FE model of Waltham predicted lower slip, 
lower shear flow than the field slips and the analytically calculated shear flow respectively. That 
was consistent with the predicted strain reading and neutral axis location where they were lower 
than the field data. This was also true for Windham except the strain reading was higher than field 
strain. For Steuben, the FE model predicted lower strain, lower neutral axis location, lower shear 
stress at the girder-slab interface, and higher slip than the field data.  
The slips predicted by the FE models were higher than the field data for bridges that 
exhibited the least degree of composite action (Steuben and Buckfield). While the FE models 
predicted lower slips for the bridges with the highest degree of composite action with the exception 
of the Pembroke bridge.  
For the interior girder for all the bridges, a large difference between the shear flow 
determined using the analytical solution and predicted by FE model corresponds to a low degree 
of composite action since the analytical solution assumes perfectly composite behavior while the 
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FE model captures the reduced composition action via a smaller slab-girder interface stiffness. The 
other observation is that the shear flow predicted by the FE models was lower than the 100 psi 
recommended by MBE for the maximum shear flow at the girder-deck interface except the shear 
flow predicted by the FE model for the exterior girder of the Steuben bridge, whereas the 
analytically calculated shear flow exceeded the MBE limit as discussed in chapter 4. 
Overall, the FE results show reasonable agreement with the field data. The full optimization 
results for the strain reading with the optimized end forces for all the bridges are presented in 
Appendix C. A comparison between the field data and the finite element predictions using the end 
forces calculated based on the analytical approach for other load cases for all the bridges is 
presented in Appendix B. 
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7   CONCLUSIONS AND RECOMMENDATIONS 
7.1 Summary 
Diagnostic load tests were performed on five steel girder bridges. Each of the five bridges 
that were tested was a simple-span, non-composite bridge with steel girders supporting a concrete 
deck. The bridges were instrumented using strain gauges and linear variable differential 
transformers (LVDTs) with a wide range of gage locations to provide a complete picture of the 
response of the structure and provide redundant measurements. Different load scenarios were 
applied to these bridges using one, two and four trucks placed to maximize moment and shear. Up 
to 87% of an HL-93 loading with impact was applied to the structures. The dimensions of the 
bridge components were verified during the field tests. Truck weight and dimensions were 
recorded before conducting the live load testing. Strain and displacement data were collected 
during the tests. Some of the tests were repeated to ensure the quality of the data collected. The 
field data were used to modify the conventional load rating of these bridge calculated using the 
AASHTO LRFD approach. Live load distribution factors calculated from the field data were 
compared with those calculated using AASHTO LRFD equations. Also, the shear flow at the 
girder slab interface was computed based on applied load and field-observed girder properties. 
The results of the nondestructive load tests were used to calibrate 3D finite element models 
of the bridges. In addition to the main components of the bridge, the secondary and nonstructural 
components, the effect of unintended composite action, shear transfer between deck and girders 
and unintended end restraint were simulated to capture the actual behavior of the bridge. A novel 
approach for calibrating the models was developed that captures the observed full and partial 
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composite action as well as rotational restraint of the girder ends. An optimization technique was 
also employed to calibrate the FE models using the field data. 
7.2 Conclusions 
The field data showed that for three of the five bridges, the most heavily loaded center 
girders exhibited full composite action, while partial composite action was observed for the other 
two bridges. The three bridges showing full composite action exhibited relatively little slip 
between the deck and slab compared with the two bridges with the least composite action. 
Measured flexural strains also indicated significant rotational restraint at the girder ends for all 
structures. Shear stresses between the girder and slab were determined for all bridges based on 
applied load and field-observed girder properties. The two bridges with the least composite action 
not surprisingly showed the lowest calculated shear stress at the girder flange-slab interface. Live 
load distribution factors inferred from the test data showed that the AASHTO distribution factors 
are conservative for four of the five bridges. Conventional LRFD load ratings were modified 
according to the provisions of AASHTO (2010) using the strain measurements from the diagnostic 
load tests, and the average increase in moment rating factor was 51.6%. The results of the 3D FE 
models developed for each structure showed good agreement with the field-measured strains and 
degrees of composite action.  
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7.3 Recommendations for Future Research 
Recommendations for further investigation of the non-composite steel girder bridges through 
diagnostic load testing and finite element modeling are as follows: 
1) Material sampling and experimental determination of properties in accordance with the 
AASHTO MBE recommendations would provide more accurate – and likely less 
conservative – estimates of bridge capacity. 
2) FE-based parametric studies should be undertaken to get a better understanding of the 
effect of the railing, curb, diaphragm, unintended composite action, and end restraint. 
3) Long-term monitoring is important to evaluate seasonal and time-dependent restraint 
observed at the girder ends. 
4) Using additional strain gauges will help in capturing the actual response of each girder 
along the span and reduce the number of required assumptions. 
5) Extending the FE models to capture girder yielding and other nonlinear response will allow 
the models to be used directly to predict bridge capacity and rating factors. Such model 
predictions could be compared with both basic AASHTO LRFD rating factors and the 
modified rating factors based on field-measured strains and give valuable insight into 
failure mechanisms and redundancy. 
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APPENDICES 
 FIELD TESTING AND AASHTO BASED CALCULATIONS 
A.1 Steuben No. 3067 
 Instrumentation 
 
Figure A- 1: Steuben No. 3067 sensor layout 
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 Loading 
 
Figure A- 2: Steuben No. 3067 Truck T01-137 Loading 
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Figure A- 3: Steuben No. 3067 Truck T01-157 Loading 
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Figure A- 4: Steuben No. 3067 Truck T01-166 Loading 
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Figure A- 5: Steuben No. 3067 Truck T01-198 Loading 
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 Representative Data Plots 
 
Figure A- 6: Steuben No. 3067- 2 Trucks 2 Lanes Test 1 Strains 
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Figure A- 7: Steuben No. 3067- 4 Trucks 2 Lanes Test 2 Strains 
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 Rating Factor Calculations 
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A.2 Waltham No. 3238 
 Instrumentation 
 
Figure A- 8: Waltham No. 3238 Sensor Layout 
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 Loading 
 
Figure A- 9: Waltham No. 3238 Truck T01-119 Loading 
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Figure A- 10: Waltham No. 3238 Truck T01-257 Loading 
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Figure A- 11: Waltham No. 3238 Truck T01-280 Loading 
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Figure A- 12: Waltham No. 3238 Truck T01-287 Loading 
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 Representative Data Plots 
 
Figure A- 13: Waltham No. 3238 - 2 Trucks 2 Lanes Test 2 Strains 
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Figure A- 14: Waltham No. 3238 - 4 Trucks 2 Lanes Test 1 Strains 
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 Rating Factor Calculations 
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A.3 Pembroke No. 3884 
 Instrumentation 
 
Figure A- 15: Pembroke No. 3884 Sensor Layout 
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 Loading 
 
Figure A- 16: Pembroke No. 3884 Truck T01-223 Loading 
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Figure A- 17: Pembroke No. 3884 Truck T01-231 Loading 
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Figure A- 18: Pembroke No. 3884 Truck T01-242 Loading 
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Figure A- 19: Pembroke No. 3884 Truck T01-244 Loading 
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 Representative Data Plots 
 
Figure A- 20: Pembroke No. 3884 - 4 Trucks 2 Lanes Test 2 Strains 
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 Rating Factor Calculations 
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A.4 Windham No. 5298 
 Instrumentation 
 
Figure A- 21: Windham No. 5298 Sensor Layout 
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 Loading 
 
Figure A- 22: Windham No. 5298 Truck T01-164 Loading 
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Figure A- 23: Windham No. 5298 Truck T01-197 Loading 
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Figure A- 24: Windham No. 5298 Truck T01-247 Loading 
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Figure A- 25: Windham No. 5298 Truck T01-259 Loading 
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 Representative Data Plots 
 
Figure A- 26: Windham No. 5298 - 2 Trucks 2 Lanes Test 1 Strains 
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Figure A- 27: Windham No. 5298 - 4 Trucks 2 Lanes Test 2 Strains 
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 Rating Factor Calculations 
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A.5 Buckfield No. 5452 
 Instrumentation 
 
Figure A- 28: Buckfield No. 5452 Sensor Layout 
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 Loading 
 
Figure A- 29: Buckfield No. 5452 Truck T01-129 Loading 
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Figure A- 30: Buckfield No. 5452 Truck T01-220 Loading 
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Figure A- 31: Buckfield No. 5452 Truck T01-246 Loading 
220 
 
 
Figure A- 32: Buckfield No. 5452 Truck T01-273 Loading 
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 Representative Data Plots 
 
Figure A- 33: Buckfield No. 5425 - 4 Trucks 2 Lanes Test 1 Strains 
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 Rating Factor Calculations 
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 FINITE ELEMENT CALCULATION DETAILS FOR END FORCES AND 
COMPOSITE ACTION 
 
B.1 End Forces Calculated Using the Analytical Approach and the Corresponding 
Finite Element Results with the Final Shear Stiffness coefficients. 
In this appendix, the field data compared with the FE results predicted without considering 
the effect of end restraint. The difference was used to calculate the end forces required to simulate 
the effect of the partial end fixity observed from the field data as presented in Equation 5 1.  
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B.1.1  Waltham 
a) Four Trucks in Two Lanes – Maximum Moment  
Table B-1: Field and FE Strain Results to Determine the End Forces for Waltham Bridge 
Maximum Moment Four Trucks 
 
 
Girder 
number 
Sensors Field Data 
FE Prediction 
Without Applying 
End Forces 
FE Prediction with 
End Forces Based on 
Equation 5-1 
Location 
North 
end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
1 
Top flange  17.74   9.22   4.63  
Mid-web  54.42   65.95   52.34  
Bottom flange  78.49   124.23   101.57  
2 
Top flange  17.09   7.09   -0.25  
Mid-web  62.21   88.49   67.84  
Bottom flange  114.06   167.51   134.21  
3 
Top flange 17.47 5.55  9.13 2.93  7.92 -7.13  
Mid-web -10.13   0.25   -18.96   
Bottom flange -66.48 140.87 -68.65 19.63 178.13 34.22 -80.67 138.58 -47.23 
4 
Top flange  23.19   2.97   -9.4  
Mid-web          
Bottom flange -31.82 121.3 -7.67 17.86 164.24 29.5 -33.8 116.77 -17.17 
5 
Top flange -2.05 5.16  0.07 7.04  -3.51 -7.7  
Mid-web  39.37   63.98   31.74  
Bottom flange -66.88 84.93 -38.28 17.84 121.33 19.41 -72.09 72.34 -48.52 
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Table B-2: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Waltham Bridge Maximum Moment Four Trucks 
 
 
Table B-3: Shear Stiffness Coefficients and Neutral Axis Location for Waltham Maximum 
Moment Four Trucks 
 
 
 
 
Girder Number 
Load at bottom flange of the 
girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 41 41 
2 25 25 
3 54.4 54.4 
4 15.4 15.4 
5 13.2 13.2 
Girder 
number 
Degree of 
composite action 
based on field data 
Shear stiffness 
coefficient  
( kip/in2) 
Measured 
neutral axis 
location (in) 
Model predicted 
neutral axis 
location (in) 
G1 Full 1000 41.60 33.73 
G2 Full 1000 41.06 34.85 
G3 Full 1000 36.34 33.20 
G4 Full 1000 43.16 32.31 
G5 Full 1000 34.28 29.10 
 
239 
 
b) Four Trucks in Two lanes – Maximum Shear 
Table B-4: Field and FE Strain Results to Determine the End Forces for Waltham Bridge 
Maximum Shear Four Trucks 
 
  
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location 
North 
end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end Mid-span 
South 
end 
1 
Top flange  1.05   4.24   1.84  
Mid-web  31.06   36.36   28.45  
Bottom 
flange  
44.87   68.79   55.27  
2 
Top flange  0.43   5.34   0.76  
Mid-web  31.53   46.51   33.34  
Bottom 
flange  
57.81   87.78   66.43  
3 
Top flange 37.27 4.44  15.80 5.31  14.90 -1.45  
Mid-web 2.61   0.63   -12.18   
Bottom 
flange -38.97 67.34 -42.32 33.98 97.99 11.31 -33.29 70.78 -43.25 
4 
Top flange  -3.02   5.95   -2.63  
Mid-web          
Bottom 
flange -20.01 60.05 -8.53 30.86 92.62 11.54 -10.16 60.39 -24.55 
5 
Top flange -1.54 0.35  1.03 5.12  -1.52 -5.25  
Mid-web  21.39   41.43   18.99  
Bottom 
flange 
-29.69 46.98 -31.75 20.21 77.25 10.64 -38.24 43.23 -33.64 
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Table B-5: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Waltham Bridge Maximum Shear Four Trucks 
 
 
Table B-6: Shear Stiffness Coefficients and Neutral Axis Location for Waltham Maximum Shear 
Four Trucks 
 
 
 
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 26.56 26.56 
2 20.41 20.41 
3 36.43 36.43 
4 8.62 8.62 
5 6.88 6.88 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1000 32.97 33.30 
G2 Full 1000 35.17 34.52 
G3 Full 1000 37.38 34.21 
G4 Full 1000 33.24 33.45 
G5 Full 1000 32.43 28.71 
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c) Two Trucks in Two lanes – Maximum moment 
Table B-7: Field and FE Strain Results to Determine the End Forces for Waltham Bridge 
Maximum Moment Two Trucks 
 
Girder 
number 
Sensors Field Data 
FE Prediction Without 
Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location 
North 
end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end Mid-span 
South 
end 
1 
Top flange  15.71   4.88   2.97  
Mid-web  35.01   36.48   29.96  
Bottom 
flange  
50.83   69.40   58.18  
2 
Top flange  18.55   5.83   1.98  
Mid-web  40.36   52.68   41.44  
Bottom 
flange  
74.13   100.30   82.02  
3 
Top flange 11.92 0.98  6.97 4.25  6.31 -1.42  
Mid-web -4.68   0.18   -10.96   
Bottom 
flange 
-41.68 91.42 -41.80 15.53 113.10 11.61 -43.06 90.79 -35.89 
4 
Top flange  11.50   2.97   -3.90  
Mid-web          
Bottom 
flange 
-22.67 76.83 -6.76 13.99 106.64 11.28 -18.18 78.95 -17.46 
5 
Top flange -2.37 4.14  -0.10 5.23  -2.12 -3.45  
Mid-web  23.73   41.77   22.74  
Bottom 
flange 
-33.78 58.19 -24.41 13.02 78.73 9.71 -38.21 49.92 -29.02 
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Table B-8: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Waltham Bridge Maximum Moment Two Trucks 
 
Table B-9: Shear Stiffness Coefficients and Neutral Axis Location for Waltham Maximum 
Moment Two Trucks 
 
 
 
 
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 23.29 23.29 
2 15.74 15.74 
3 31.83 31.83 
4 7.53 7.53 
5 5.34 5.34 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1000 46.40 33.93 
G2 Full 1000 46.56 34.09 
G3 Full 1000 35.29 34.37 
G4 Full 1000 41.06 33.27 
G5 Full 1000 34.66 30.11 
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d) Two Trucks in Two Lanes – Maximum Shear 
Table B-10: Field and FE Strain Results to Determine the End Forces for Waltham Bridge 
Maximum Shear Two Trucks 
 
Girder 
number 
Sensors Field Data 
FE Prediction Without 
Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location North end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end Mid-span 
South 
end 
1 
Top flange  -0.21   0.84   0.30  
Mid-web  3.19   5.72   4.01  
Bottom 
flange  4.95   10.53   7.61  
2 
Top flange  -0.33   1.33   0.53  
Mid-web  3.17   6.28   -1.61  
Bottom 
flange  
6.00   11.52   6.96  
3 
Top flange 22.11 0.96  7.96 1.44  7.73 0.02  
Mid-web 6.61   0.22   -2.36   
Bottom 
flange 0.23 6.08 -6.89 17.65 12.55 1.11 4.05 6.83 -9.99 
4 
Top flange  -0.58   1.19   -0.57  
Mid-web          
Bottom 
flange 
1.05 5.93 -2.42 17.07 11.22 1.16 6.16 4.63 -8.10 
5 
Top flange -0.91 -0.73  0.65 0.63  0.23 -1.42  
Mid-web  0.73   5.42   0.93  
Bottom 
flange -2.16 6.33 -3.40 8.15 10.12 1.23 -1.61 3.28 -6.29 
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Table B-11: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Waltham Bridge Maximum Shear Two Trucks 
 
Table B-12: Shear Stiffness Coefficients and Neutral Axis Location for Waltham Maximum 
Shear Two Trucks 
 
 
 
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 4.3 4.3 
2 5.64 5.64 
3 7.32 7.32 
4 1.59 1.59 
5 1.61 1.61 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1000 33.59 33.52 
G2 Full 1000 36.94 32.44 
G3 Full 1000 41.43 34.81 
G4 Full 1000 31.79 31.08 
G5 Full 1000 28.85 22.47 
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B.1.2  Pembroke 
a) Four Trucks in Two Lanes – Maximum Moment 
Table B-13: Field and FE Strain Results to Determine the End Forces for Pembroke Bridge 
Maximum Moment Four Trucks 
 
Girder 
number 
Sensors Field Data 
FE Prediction Without 
Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location 
West 
end 
Mid-
span 
East 
end 
West 
end 
Mid-
span 
East 
end 
West 
end Mid-span 
East 
end 
1 
Top flange 7.12 -3.86  -4.58 7.34  1.10 -4.59  
Mid-web  45.74   76.68   45.72  
Bottom 
flange -43.12 99.51 -29.87 24.82 149.13 22.10 -56.33 100.83 -59.11 
2 
Top flange  -24.40   3.48   -13.09  
Mid-web  77.04   137.30   100.35  
Bottom 
flange -55.89 190.06 -19.84 25.24 267.34 24.02 -75.48 209.67 -39.64 
3 
Top flange 9.40 -20.75  -0.90 2.81  3.94 -15.77  
Mid-web -46.81 93.41  -6.22 164.43  -36.27 126.36  
Bottom 
flange 
-88.12 220.41 -
147.30 
30.54 321.93 24.56 -109.57 263.83 -183.41 
4 
Top flange  -53.38   -14.28   -23.46  
Mid-web          
Bottom 
flange  
160.88   265.96   216.85  
5 
Top flange  11.02   11.87   4.44  
Mid-web          
Bottom 
flange  
118.14   168.92   133.09  
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Table B-14: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Pembroke Bridge Maximum Moment Four Trucks 
 
Table B-15: Shear Stiffness Coefficients and Neutral Axis Location for Pembroke Maximum 
Moment Four Trucks 
 
 
 
Girder Number Load at bottom flange of the girders West end (kip) 
Load at bottom flange of the 
girders East end (kip) 
1 24.39 18.65 
2 29.12 15.74 
3 42.59 61.69 
4 18.87 18.89 
5 9.11 9.11 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 100 25.23 25.07 
G2 Full 100 23.23 24.67 
G3 Full 100 23.95 24.73 
G4 Partial 20 19.68 23.65 
G5 Full 100 23.97 25.36 
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b) Two Trucks in Two Lanes – Maximum Moment 
Table B-16: Field and FE Strain Results to Determine the End Forces for Pembroke Bridge 
Maximum Moment Two Trucks 
 
Girder 
number 
Sensors Field Data 
FE Prediction Without 
Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location 
West 
end 
Mid-
span 
East 
end 
West 
end 
Mid-
span 
East 
end 
West 
end Mid-span 
East 
end 
1 
Top flange 9.63 -0.38  -2.92 3.59  -0.64 -3.45  
Mid-web  29.46   47.99   30.45  
Bottom 
flange 
-27.41 63.58 -20.67 16.09 90.71 10.94 -33.75 63.27 -33.75 
2 
Top flange  -23.96   0.63   -10.47  
Mid-web  46.88   96.24   72.32  
Bottom 
flange 
-26.42 125.51 -4.83 18.33 188.87 11.70 -37.59 151.61 -18.25 
3 
Top flange 12.83 -16.01  -1.36 0.38  4.02 -12.76  
Mid-web -32.21 60.50  -5.33 117.35  -22.95 90.88  
Bottom 
flange 
-55.84 144.49 -82.27 20.23 230.84 11.62 -69.74 190.74 -108.51 
4 
Top flange  -41.14   -15.17   -22.42  
Mid-web          
Bottom 
flange  
102.60   189.90   155.44  
5 
Top flange  10.28   7.30   1.09  
Mid-web          
Bottom 
flange  
82.34   109.13   85.53  
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Table B-17: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Pembroke Bridge Maximum Moment Two Trucks 
 
Table B-18: Shear Stiffness Coefficients and Neutral Axis Location for Pembroke Maximum 
Moment Two Trucks 
 
 
 
Girder Number Load at bottom flange of the girders West end (kip) 
Load at bottom flange of the 
girders East end (kip) 
1 15.61 11.35 
2 16.06 5.93 
3 27.3 33.7 
4 15.67 23.66 
5 4.81 4.81 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 100 26.05 25.21 
G2 Full 100 22.01 26.12 
G3 Full 100 23.59 26.16 
G4 Partial 20 18.71 24.56 
G5 Full 100 23.30 24.27 
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B.1.3  Steuben 
a) Four Trucks in Two Lanes – Maximum Moment 
Table B-19: Field and FE Strain Results to Determine the End Forces for Steuben Bridge 
Maximum Moment Four Trucks 
 
Girder 
number 
Sensors Field Data 
FE Prediction 
Without Applying 
End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location North end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end Mid-span 
South 
end 
1 
Top flange  5.75   -11.61   -12.59  
Mid-web          
Bottom 
flange 
 182.66   211.94   193.01  
2 
Top flange  -28.03   -22.12   -24.96  
Mid-web          
Bottom 
flange 
 238.42   279.20   252.32  
3 
Top flange 65.50 -109.76  76.55 -96.79  79.55 -105.08  
Mid-web -0.55 83.87  47.42 92.26  25.30 69.18  
Bottom 
flange -47.94 270.32 -55.81 24.38 266.21 15.67 -30.11 229.16 -40.01 
4 
Top flange  -18.34   -21.56   -28.52  
Mid-web  100.99   130.32   106.08  
Bottom 
flange -41.27 263.36 -48.02 15.54 274.62 13.37 -37.31 234.01 -40.59 
5 
Top flange -2.95 -1.24  1.08 -11.70  -5.16 -19.48  
Mid-web  94.05   94.82   68.34  
Bottom 
flange -16.43 205.52 -19.75 34.27 204.42 36.44 -11.48 159.91 -10.59 
 
250 
 
Table B-20: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Steuben Bridge Maximum Moment Four Trucks 
 
Table B-21: Shear Stiffness Coefficients and Neutral Axis Location for Steuben Maximum 
Moment Four Trucks 
 
 
 
 
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 5.13 5.13 
2 7.15 7.15 
3 27 27 
4 21.9 21.9 
5 19.6 19.6 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1200 28.35 27.60 
G2 Full 1200 26.16 27.02 
G3 Partial 2 20.80 20.03 
G4 Full 1200 27.34 26.50 
G5 Full 1200 29.07 26.06 
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b) Four Trucks in Two lanes – Maximum Shear 
Table B-22: Field and FE Strain Results to Determine the End Forces for Steuben Bridge 
Maximum Shear Four Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location North end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end Mid-span 
South 
end 
1 
Top flange  -4.09   -9.70   -10.26  
Mid-web          
Bottom 
flange 
 143.78   166.59   150.56  
2 
Top flange  -25.27   -10.04   -11.47  
Mid-web          
Bottom 
flange 
 173.89   204.93   181.43  
3 
Top flange 61.05 -62.73  77.76 -49.13  79.22 -56.75  
Mid-web 4.25 66.02  52.32 72.85  32.40 51.71  
Bottom 
flange -34.17 193.07 -46.58 34.21 190.33 15.90 -14.24 156.41 -33.00 
4 
Top flange  -12.79   -9.76   -14.86  
Mid-web  78.23   99.26   78.86  
Bottom 
flange -23.74 189.17 -41.73 32.16 208.71 9.26 -14.57 173.62 -37.98 
5 
Top flange 0.93 -3.05  -1.61 -9.26  -7.04 -16.66  
Mid-web  71.00   82.89   59.19  
Bottom 
flange 4.28 157.67 -30.18 40.13 175.70 24.80 1.16 136.06 -14.29 
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Table B-23: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Steuben Bridge Maximum Shear Four Trucks 
 
Table B-24: Shear Stiffness Coefficients and Neutral Axis Location for Steuben Maximum Shear 
Four Trucks 
 
 
 
 
 
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 4 4 
2 5.44 5.44 
3 24.8 24.8 
4 20.65 20.65 
5 17.5 17.5 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1200 28.43 28.29 
G2 Full 1200 25.53 27.36 
G3 Partial 2 22.07 21.49 
G4 Full 1200 27.39 26.79 
G5 Full 1200 28.69 26.07 
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c) Two Trucks in Two Lanes – Maximum Moment 
Table B-25: Field and FE Strain Results to Determine the End Forces for Steuben Bridge 
Maximum Moment Two Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location North end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end Mid-span 
South 
end 
1 
Top flange  3.84   -6.74   -6.69  
Mid-web          
Bottom 
flange 
 111.09   123.14   113.93  
2 
Top flange  -20.73   -18.12   -19.40  
Mid-web          
Bottom 
flange 
 157.53   170.16   155.01  
3 
Top flange 46.67 -86.39  47.79 -68.78  50.05 -73.83  
Mid-web -2.76 53.84  31.44 53.88  17.81 39.74  
Bottom 
flange -30.59 180.41 -33.14 19.35 166.31 7.76 -14.53 143.59 -26.77 
4 
Top flange  -10.45   -18.57   -23.19  
Mid-web  69.33   81.97   66.13  
Bottom 
flange -25.16 181.56 -33.10 15.88 174.73 2.76 -18.49 148.27 -32.36 
5 
Top flange -1.36 -0.91  1.03 -6.37  -3.83 -11.52  
Mid-web  66.85   63.06   44.94  
Bottom 
flange -11.78 145.83 -25.77 25.55 134.83 14.82 -6.92 104.42 -18.17 
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Table B-26: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Steuben Bridge Maximum Moment Two Trucks 
 
Table B-27: Shear Stiffness Coefficients and Neutral Axis Location for Steuben Maximum 
Moment Two Trucks 
 
 
 
 
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 2.11 2.11 
2 2.21 2.21 
3 16.9 16.9 
4 14.8 14.8 
5 15.05 15.05 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1200 28.26 27.84 
G2 Full 1200 25.84 27.02 
G3 Partial 2 19.77 19.30 
G4 Full 1200 27.65 27.01 
G5 Full 1200 29.06 26.41 
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d) Two Trucks in Two lanes – Maximum shear 
Table B-28: Field and FE Strain Results to Determine the End Forces for Steuben Bridge 
Maximum Shear Two Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location North end 
Mid-
span 
South 
end 
North 
end 
Mid-
span 
South 
end 
North 
end Mid-span 
South 
end 
1 
Top flange  0.35   -1.35   -1.92  
Mid-web          
Bottom 
flange 
 12.29   22.13   17.38  
2 
Top flange  1.71   -2.37   -1.43  
Mid-web          
Bottom 
flange 
 12.24   23.82   18.13  
3 
Top flange -5.03 -0.58  5.38 -1.83  5.64 -2.22  
Mid-web 5.32 6.74  17.21 11.91  12.97 7.56  
Bottom 
flange 11.77 14.04 -8.50 27.56 24.33 1.86 17.39 17.45 -8.11 
4 
Top flange  0.70   -2.35   -1.64  
Mid-web  7.38   12.20   8.21  
Bottom 
flange 15.30 14.54 -8.24 27.24 25.15 0.07 18.70 18.41 -8.84 
5 
Top flange 2.87 -0.87  -0.43 -1.24  -1.06 -2.41  
Mid-web  6.50   11.76   7.71  
Bottom 
flange 17.97 15.89 -10.24 19.34 24.63 2.16 13.14 17.75 -4.20 
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Table B-29: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Steuben Bridge Maximum Shear Two Trucks 
 
Table B-30: Shear Stiffness Coefficients and Neutral Axis Location for Steuben Maximum Shear 
Two Trucks 
 
 
 
 
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 1.73 1.73 
2 2.03 2.03 
3 5.04 5.04 
4 3.9 3.9 
5 2.66 2.66 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1200 28.44 26.33 
G2 Full 1200 25.65 27.10 
G3 Partial 2 28.08 25.94 
G4 Full 1200 27.89 26.85 
G5 Full 1200 27.73 25.74 
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B.1.4  Windham  
a) Four Trucks in Two Lanes – Maximum Moment 
Table B-31: Field and FE Strain Results to Determine the End Forces for Windham Bridge 
Maximum Moment Four Trucks 
 
Girder 
number 
Sensors Field Data 
FE Prediction Without 
Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location South 
end 
Mid-
span 
North 
end 
South 
end 
Mid-
span 
North 
end 
South 
end 
Mid-span North 
end 
1 
Top flange  -6.46   -10.30   -4.59  
Mid-web  5.06   184.19   45.72  
Bottom 
flange -26.45 125.97 -23.86 65.36 247.35 74.32 -56.33 100.83 -59.11 
2 
Top flange  -76.69   45.59   -13.09  
Mid-web  -102.50   143.13   100.35  
Bottom 
flange 
-55.56 122.19 -5.87 57.99 258.81 57.12 -75.48 209.67 -39.64 
3 
Top flange 44.30 5.77  1.03 45.24  3.94 -15.77  
Mid-web -26.35 32.03  30.22 168.69  -36.27 126.36  
Bottom 
flange -78.42 154.90 -88.11 65.90 316.68 70.06 -109.57 263.83 -183.41 
4 
Top flange  -46.16   -38.51   -23.46  
Mid-web          
Bottom 
flange  62.88   250.85   216.85  
5 
Top flange  17.26   -17.67   4.44  
Mid-web          
Bottom 
flange  123.12   242.04   133.09  
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Table B-32: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Windham Bridge Maximum Moment Four Trucks 
 
 
Table B-33: Shear Stiffness Coefficients and Neutral Axis Location for Windham Maximum 
Moment Four Trucks 
 
 
 
Girder Number 
Load at bottom flange of the 
girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 38.84 38.84 
2 36.09 36.09 
3 61.84 61.84 
4 38.43 38.43 
5 24.31 24.31 
Girder 
number 
Degree of 
composite action 
based on field data 
Shear stiffness 
coefficient  
( kip/in2) 
Measured 
neutral axis 
location (in) 
Model predicted 
neutral axis 
location (in) 
G1 Full 100 33.81 28.13 
G2 Partial 20 16.76 26.23 
G3 Full 100 30.19 27.43 
G4 Partial 20 17.86 27.36 
G5 Full 100 27.65 27.80 
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b) Four Trucks in Two lanes – Maximum Shear 
Table B-34: Field and FE Strain Results to Determine the End Forces for Windham Bridge 
Maximum Shear Four Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location 
South 
end 
Mid-
span 
North 
end 
South 
end 
Mid-
span 
North 
end 
South 
end Mid-span 
North 
end 
1 
Top flange  -7.32   -7.21   -21.70  
Mid-web  5.35   157.70   72.35  
Bottom 
flange 
-4.72 104.77 -33.70 84.48 215.90 53.72 -59.66 93.57 -90.58 
2 
Top flange  -83.84   74.00   21.93  
Mid-web  -90.02   149.90   62.13  
Bottom 
flange -35.51 91.49 -7.69 95.67 244.54 44.76 -55.58 109.77 -106.54 
3 
Top flange 72.16 1.31  0.54 43.44  -12.76 2.40  
Mid-web -9.79 16.48  48.37 149.26  -67.98 65.06  
Bottom 
flange 
-60.90 121.92 -78.40 104.76 272.17 47.15 -128.37 136.18 -186.45 
4 
Top flange  -47.93   -6.68   -32.88  
Mid-web          
Bottom 
flange  47.50   257.78   118.08  
5 
Top flange  12.94   -15.43   -26.73  
Mid-web          
Bottom 
flange  
100.45   232.70   92.11  
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Table B-35: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Windham Bridge Maximum Shear Four Trucks 
 
 
Table B-36: Shear Stiffness Coefficients and Neutral Axis Location for Windham Maximum 
Shear Four Trucks 
 
 
Girder Number 
Load at bottom flange of the 
girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 27 27 
2 74.4 74.4 
3 59.5 59.5 
4 33.2 33.2 
5 36.1 36.1 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 100 33.37 33.30 
G2 Partial 20 14.47 34.52 
G3 Full 100 29.39 34.21 
G4 Partial 20 15.17 33.45 
G5 Full 100 27.17 28.71 
 
261 
 
c) Two Trucks in Two Lanes – Maximum Moment 
Table B-37: Field and FE Strain Results to Determine the End Forces for Windham Bridge 
Maximum Moment Two Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location 
South 
end 
Mid-
span 
North 
end 
South 
end 
Mid-
span 
North 
end 
South 
end Mid-span 
North 
end 
1 
Top flange  -0.26   -7.28    -16.76   
Mid-web  9.43   110.40    59.48   
Bottom 
flange 
-12.81 80.13 -21.23 41.90 156.53 37.40 -48.84 82.97 -53.36 
2 
Top flange  -46.64   55.62    22.97   
Mid-web  -61.58   107.68    58.68   
Bottom 
flange -28.20 89.56 -15.87 37.93 188.20 29.44 -53.46 111.44 -61.83 
3 
Top flange 31.35 7.18  2.59 29.18  -9.02 7.75   
Mid-web -14.06 24.21  20.61 110.41  -50.00 66.07   
Bottom 
flange -48.54 108.15 -64.05 41.11 209.03 30.16 -94.31 135.52 -105.44 
4 
Top flange  -29.66   -13.44    -23.02   
Mid-web             
Bottom 
flange  
47.44   193.99    121.35   
5 
Top flange  15.11   -2.65    -10.02   
Mid-web             
Bottom 
flange  89.23   164.87    98.02   
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Table B-38: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Windham Bridge Maximum Moment Two Trucks 
 
Table B-39: Shear Stiffness Coefficients and Neutral Axis Location for Windham Maximum 
Moment Two Trucks 
 
 
 
Girder Number 
Load at bottom flange of the 
girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 23.2 23.2 
2 21.1 21.1 
3 37.6 37.6 
4 27.2 27.2 
5 15.5 15.5 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 100 35.00 26.37 
G2 Partial 20 17.89 24.43 
G3 Full 100 31.14 27.50 
G4 Partial 20 19.12 24.10 
G5 Full 100 28.98 24.18 
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d) Two Trucks in Two Lanes – Maximum Shear 
Table B-40: Field and FE Strain Results to Determine the End Forces for Windham Bridge 
Maximum Shear Two Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location 
South 
end 
Mid-
span 
North 
end 
South 
end 
Mid-
span 
North 
end 
South 
end Mid-span 
North 
end 
1 
Top flange  -0.68   -1.53   -4.03  
Mid-web  0.31   19.02   -0.80  
Bottom 
flange 14.22 6.65 -8.25 32.32 24.40 5.14 3.34 -1.59 -23.20 
2 
Top flange  -2.56   10.45   -1.63  
Mid-web  -8.84   16.92   -0.86  
Bottom 
flange 1.65 6.41 -8.58 54.82 24.89 3.26 7.76 -0.76 -43.03 
3 
Top flange 22.81 0.20  -5.44 4.85  -6.93 -1.39  
Mid-web -1.50 -2.64  22.08 14.69  -3.77 0.69  
Bottom 
flange -2.14 5.21 -11.58 59.06 25.29 2.79 4.52 2.13 -51.52 
4 
Top flange  -0.78   -0.33   -1.89  
Mid-web          
Bottom 
flange  2.52   24.60   2.89  
5 
Top flange  1.50   -2.58   -2.83  
Mid-web          
Bottom 
flange  6.69   25.37   7.27  
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Table B-41: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Windham Bridge Maximum Shear Two Trucks 
 
 
Table B-42: Shear Stiffness Coefficients and Neutral Axis Location for Windham Maximum 
Shear Two Trucks 
 
 
Girder Number 
Load at bottom flange of the 
girders South end (kip) 
Load at bottom flange of the 
girders North end (kip) 
1 6.4 6.4 
2 12.1 12.1 
3 15.4 15.4 
4 4 4 
5 3.8 3.8 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 100 37.47 20.92 
G2 Partial 20 22.20 17.58 
G3 Full 100 30.26 17.59 
G4 Partial 20 20.79 -25.39 
G5 Full 100 26.37 -18.94 
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B.1.5 Buckfield 
a) Four Trucks in Two lanes – Maximum Moment 
Table B-43: Field and FE Strain Results to Determine the End Forces for Buckfield Bridge 
Maximum Moment Four Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location East end 
Mid-
span 
West 
end 
East 
end 
Mid-
span 
West 
end 
East 
end Mid-span 
West 
end 
1 
Top flange -7.32 12.14  -4.31 12.23  -4.14 -7.57  
Mid-web -14.03 74.03  -2.90 175.94  -27.03 103.61  
Bottom 
flange -94.29 186.48 
 14.35 192.17  -116.95 101.47  
2 
Top flange  -99.47   -76.80   -84.24  
Mid-web  14.40   52.94   9.14  
Bottom 
flange -66.35 134.50 
 12.49 141.36  -79.58 69.60  
3 
Top flange  -71.01   -83.97   -49.79  
Mid-web -2.55 38.08  -3.08 37.31  -27.84 37.72  
Bottom 
flange 
-
106.56 166.85 
 13.24 148.43  -116.58 120.69  
4 
Top flange  47.77   22.36   11.08  
Mid-web  71.29   87.79   61.54  
Bottom 
flange 
 145.72   212.58   155.24  
5 
Top flange  18.21   6.28   4.17  
Mid-web  96.59   57.90   45.76  
Bottom 
flange 
 144.92   160.01   131.25  
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Table B-44: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Buckfield Bridge Maximum Moment Four Trucks 
 
 
Table B-45: Shear Stiffness Coefficients and Neutral Axis Location for Buckfield Bridge 
Maximum Moment Four Trucks 
 
 
 
 
Girder Number Load at bottom flange of the girders East end (kip) 
Load at bottom flange of the 
girders West end (kip) 
1 44.2 44.2 
2 30 30 
3 45.6 45.6 
4 13.6 13.6 
5 3.1 3.1 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1000 24.57 24.35 
G2 Partial 1 15.04 11.84 
G3 Partial 5 18.36 18.53 
G4 Full 100 38.93 24.43 
G5 Full 1000 23.25 25.36 
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b) Four Trucks in Two lanes – Maximum Shear 
Table B-46: Field and FE Strain Results to Determine the End Forces for Buckfield Bridge 
Maximum Shear Four Trucks 
 
Girder 
number 
Sensors Field Data FE Prediction Without Applying End Forces 
FE Prediction with End 
Forces Based on Equation 
5-1 
Location East end 
Mid-
span 
West 
end 
East 
end 
Mid-
span 
West 
end 
East 
end Mid-span 
West 
end 
1 
Top flange -6.52 3.58  0.49 2.11  1.27 -7.90  
Mid-web -10.07 24.44  0.59 43.15  -11.82 14.56  
Bottom 
flange -49.56 63.37 
 10.93 46.36  -61.73 5.40  
2 
Top flange  -29.20   -8.84   -16.14  
Mid-web  10.31   13.73   -5.44  
Bottom 
flange -26.88 46.62 
 17.08 26.74  -33.64 -5.23  
3 
Top flange  -9.53   1.46   -5.68  
Mid-web -0.45 19.51  -1.41 22.53  -11.13 6.63  
Bottom 
flange -25.61 40.21 
 17.38 42.31  -31.21 14.61  
4 
Top flange  17.70   4.66   1.24  
Mid-web  16.58   18.50   8.39  
Bottom 
flange 
 24.51   46.12   26.30  
5 
Top flange  0.55   0.61   -1.56  
Mid-web  3.20   14.54   6.57  
Bottom 
flange 
 5.13   40.26   26.67  
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Table B-47: Axial Compressive Forces for Simulation the End Restraint Determined by the 
Analytical Approach for Buckfield Bridge Maximum Shear Four Trucks 
 
 
Table B-48: Shear Stiffness Coefficients and Neutral Axis Location for Buckfield Bridge 
Maximum Shear Four Trucks 
 
 
 
 
Girder Number Load at bottom flange of the girders East end (kip) 
Load at bottom flange of the 
girders West end (kip) 
1 24.6 24.6 
2 16.7 16.7 
3 16.4 16.4 
4 4.39 4.39 
5 7.14 7.14 
Girder number 
Degree of composite 
action based on field data 
Shear stiffness 
coefficient 
( kip/in2) 
Measured 
neutral 
axis 
location 
(in) 
Model 
predicted 
neutral axis 
location (in) 
G1 Full 1000 27.74 10.63 
G2 Partial 1 16.09 12.55 
G3 Partial 5 21.16 18.84 
G4 Full 100 94.12 27.46 
G5 Full 1000 29.31 24.72 
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B.2 Composite Action modeling and the Resulting Shear Stiffness Coefficients  
Simple Beam Model:  
The model consisted of a steel I-beam that was fully connected to a concrete slab strip. 
Analytical solution: 
Concrete deck properties   
𝑏 = 69 𝑖𝑛       ℎ = 6.75 𝑖𝑛  𝐸௖ = 3600 𝑘𝑠𝑖 𝐼௖ = 1.768 ∗ 10ଷ 𝑖𝑛ସ 
Steel Girder Properties W27x98   
𝑏௙ = 10 𝑖𝑛  , 𝑡௙ =  0.792 𝑖𝑛, 𝑡௪ = 0.5 𝑖𝑛, 𝑑 = 27𝑖𝑛   𝐸௦ = 29000 𝑘𝑠𝑖   
𝐼௦ = 3620 𝑖𝑛ସ   
For fully composite section: Based on the transformed composite section: 
𝑦’ =  24.8 𝑖𝑛 N.A. from bottom,  
moment of inertial for fully composite section 𝐼௖௢௠௣௢௦௜௧௘ =  9081 𝑖𝑛ସ   
The flexural rigidity: 
𝐸𝐼௙௨௟௟௖௢௠௣௢௦௜௧௘  =  29000 𝑘𝑠𝑖 ∗ 9081 𝑖𝑛ସ =  2.633 ∗ 10଼  𝑘𝑖𝑝. 𝑖𝑛ଶ  
For Non-composite section, the flexural rigidity: 
𝑦’ = ௗ
ଶ
= 13.5 𝑖𝑛 N.A. from bottom,  
𝐸𝐼௡௢௡௖௢௠௣௢௦௜௧௘  = 𝐸௖ ∗ 𝐼௖ +  𝐸௦ ∗ 𝐼௦ =  1.113 ∗ 10଼  𝑘𝑖𝑝. 𝑖𝑛ଶ  
 
Appling a unit load P= 1 kip at mid span of simple model L=543 in: 
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For the case of fully composite section: 
Maximum deflection at mid-span: 𝛿 = ௉∗௅
య
ସ଼∗ாூ೑ೠ೗೗೎೚೘೛೚ೞ೔೟೐
=  ଵ∗ହସଷ
య
ସ଼∗ଶ.଺ଷଷ∗ଵ଴ఴ
= 0.013 𝑖𝑛 
Maximum stress at bottom fiber: 𝑀 = ௉∗௅
ସ
= 135.75 𝑘𝑖𝑝. 𝑖𝑛 
𝜎 =
𝑀 ∗ 𝑦′
𝐼௖௢௠௣௢௦௜௧௘
=  
135.75 ∗ 24.8
9081
= 0.371 𝑘𝑠𝑖 
For the case of non-composite section: 
Maximum deflection at mid-span: 𝛿 = ௉∗௅
య
ସ଼∗ாூ೙೚೙೎೚೘೛೚ೞ೔೟೐
=  ଵ∗ହସଷ
య
ସ଼∗ଵ.ଵଵଷ∗ଵ଴ఴ
= 0.03 𝑖𝑛 
Maximum stress at bottom fiber: 𝑀 = ௉∗௅
ସ
= 135.75 𝑘𝑖𝑝. 𝑖𝑛 
𝜎௕௢௧௧௢௠ =
𝑀 ∗ 𝑦′
𝐼௦
=  
135.75 ∗ 13.5
3620
= 0.506 𝑘𝑠𝑖 
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Finite Element Model: 
Parts geometry: 
I-beam with dimensions described above. 
Element type: A 4-node doubly curved thin or thick shell, reduced integration, hourglass 
control, finite membrane strains. 
Material Model: -  
Linear Elastic, steel 𝐸௦ = 29000 𝑘𝑠𝑖, 𝑣௦ = 0.3 
Slab strip with dimensions: ℎ = 6.75 𝑖𝑛, 𝑏 = 69 𝑖𝑛 𝑎𝑛𝑑 𝐿 = 543 𝑖𝑛. 
Element type: C3D8R:  An 8-node linear brick, reduced integration, hourglass control. 
Material Model: - Linear Elastic, concrete 𝐸௖ = 3600 𝑘𝑠𝑖, 𝑣௖ = 0.2 
Model assembly:   
 
Figure B- 1: Simple beam model assembly 
 
Step:  Static analysis, general and small deformation assumption.  
Interaction: surface to surface contact. Contact property: cohesive behavior with specific stiffness 
coefficients: 
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for the case of fully composite section: the shear stiffness coefficients are 
𝐾௡௡ = 10଺ 𝑘𝑖𝑝/𝑖𝑛ଶ,   𝐾௦௦ = 10ସ 𝑘𝑖𝑝/𝑖𝑛ଶ ,    𝐾௧௧ = 10ସ 𝑘𝑖𝑝/𝑖𝑛ଶ 
for the case of non-composite section: the shear stiffness coefficients are 
𝐾௡௡ = 10଺ 𝑘𝑖𝑝/𝑖𝑛ଶ,   𝐾௦௦ = 10ିଶ 𝑘𝑖𝑝/𝑖𝑛ଶ ,    𝐾௧௧ = 10ିଶ 𝑘𝑖𝑝/𝑖𝑛ଶ 
Loading:  
Appling a unit load P= 1 kip at mid span of simple model L=543 in:  
Boundary conditions: simply supported (pin-roller supports).  
Mesh analysis and convergence study: 
Determining the optimum mesh size is by running the model with different mesh sizes (shown 
below) and measure the maximum deflection and stress occurred. Plotting the number of 
elements verses maximum displacement and stress as seen below. 
 
Figure B- 2: Mesh Convergence Study for Simple Beam Model 
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FE Results: 
For the case of fully composite section: 
Maximum deflection at mid-span       𝛿 = 0.0136 𝑖𝑛  
Maximum stress at bottom fiber         𝜎 = 0.347 𝑘𝑠𝑖 
The model is also verified by using rigid connection between steel girder and concrete slab instead 
of cohesive behavior. The results are:  
Maximum deflection at mid-span      𝛿 = 0.0136 𝑖𝑛 
 Maximum stress at bottom fiber       𝜎 = 0.347 𝑘𝑠𝑖  
 
For the case of non-composite section: 
Maximum deflection at mid-span       𝛿 = 0.0325 𝑖𝑛  
Maximum stress at bottom fiber         𝜎 = 0.456 𝑘𝑠𝑖 
 
Summary of simple beam model results were presented in Table 5-3 and Table 5-4. 
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 FINITE ELEMENTOPTIMIZATION RESULTS 
In appendix C, the Finite element predictions by employing the optimization technique were 
compared with the field data for the heaviest load applied to each bridge tested in this study (i.e. 
maximum moment four trucks in two lanes). Also, the final end forces are presented herein.   
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C.1 Waltham 
Table C-1: Field and FE Strain Results Using the Optimization Routine in Determining the End 
Forces for Waltham Bridge Maximum Moment Four Trucks 
Girder 
number 
Sensors Field Data FE Prediction Using the Optimization Routine 
Location North end Mid-span South end North end Mid-span South end 
1 
Top flange  17.74   -0.45  
Mid-web  54.42   42.89  
Bottom 
flange 
 78.49   88.07  
2 
Top flange  17.09   -3.20  
Mid-web  62.21   61.94  
Bottom 
flange 
 114.06   125.55  
3 
Top flange 17.47 5.55  7.45 -7.91  
Mid-web -10.13   -18.79   
Bottom 
flange -66.48 140.87 -68.65 -80.08 133.94 -47.35 
4 
Top flange  23.19   -8.23  
Mid-web       
Bottom 
flange -31.82 121.3 -7.67 -26.01 118.62 -10.89 
5 
Top flange -2.05 5.16  -3.04 -4.73  
Mid-web  39.37   36.57  
Bottom 
flange -66.88 84.93 -38.28 -60.70 78.87 -39.69 
 
Table C-2: Final Axial Compressive Forces for Simulation the End Restraint Determined by 
Optimization Routine for Waltham Bridge Maximum Moment Four Trucks 
  
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the girders 
North end (kip) 
1 34.45 34.45 
2 20.63 20.63 
3 53.53 53.53 
4 27.00 27.00 
5 24.48 24.48 
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C.2 Pembroke 
Table C-3: Field and FE Strain Results Using the Optimization Routine in Determining the End 
Forces for Pembroke Bridge Maximum Moment Four Trucks 
Girder 
number 
Sensors Field Data FE Prediction Using the Optimization Routine 
Location West end Mid-span East end West end Mid-span East end 
1 
Top flange 7.12 -3.86  -4.75 0.28  
Mid-web  45.74   51.91  
Bottom flange -43.12 99.51 -29.87 -47.76 104.81 -35.60 
2 
Top flange  -24.40   -7.78  
Mid-web  77.04   92.57  
Bottom flange -55.89 190.06 -19.84 -57.54 190.74 -26.03 
3 
Top flange 9.40 -20.75  -3.56 -13.83  
Mid-web -46.81 93.41  -41.46 106.23  
Bottom flange -88.12 220.41 -147.30 -91.20 224.08 -150.75 
4 
Top flange  -53.38   -42.61  
Mid-web       
Bottom flange  160.88   168.70  
5 
Top flange  11.02   -6.82  
Mid-web       
Bottom flange  118.14   93.12  
 
Table C-4: Final Axial Compressive Forces for Simulation the End Restraint Determined by 
Optimization Routine for Pembroke Bridge Maximum Moment Four Trucks 
  
Girder Number Load at bottom flange of the girders West end (kip) 
Load at bottom flange of the girders 
East end (kip) 
1 3.75 28.44 
2 23.50 11.12 
3 32.56 49.47 
4 128.44 98.18 
5 2.08 3.11 
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C.3 Steuben 
Table C-5: Field and FE Strain Results Using the Optimization Routine in Determining the End 
Forces for Steuben Bridge Maximum Moment Four Trucks 
Girder 
number 
Sensors Field Data FE Prediction Using the Optimization Routine 
Location North end Mid-span South end North end Mid-span South end 
1 
Top flange  5.75    -12.02   
Mid-web          
Bottom flange  182.66    191.43   
2 
Top flange  -28.03    -21.06   
Mid-web          
Bottom flange  238.42    251.51   
3 
Top flange 65.50 -109.76  82.11 -106.73   
Mid-web -0.55 83.87  23.19 66.89   
Bottom flange -47.94 270.32 -55.81 -39.72 226.26 -46.12 
4 
Top flange  -18.34    -23.33   
Mid-web  100.99    110.08   
Bottom flange -41.27 263.36 -48.02 -30.98 237.85 -33.69 
5 
Top flange -2.95 -1.24  -5.81 -17.73   
Mid-web  94.05    72.82   
Bottom flange -16.43 205.52 -19.75 0.38 166.19 1.35 
 
Table C-6: Final Axial Compressive Forces for Simulation the End Restraint Determined by 
Optimization Routine for Steuben Bridge Maximum Moment Four Trucks 
  
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the girders 
North end (kip) 
1 5.02 5.02 
2 5.72 5.72 
3 34.70 34.70 
4 18.96 18.96 
5 14.43 14.43 
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C.4 Windham 
Table C-7: Field and FE Strain Results Using the Optimization Routine in Determining the End 
Forces for Windham Bridge Maximum Moment Four Trucks 
Girder 
number 
Sensors Field Data FE Prediction Using the Optimization Routine 
Location South end Mid-span North end South end Mid-span North end 
1 
Top flange   -6.46     -32.20   
Mid-web   5.06     128.90   
Bottom flange -26.45 125.97 -23.86 -65.00 163.60 -54.60 
2 
Top flange   -76.69     -50.10   
Mid-web   -102.50     47.30   
Bottom flange -55.56 122.19 -5.87 -75.30 132.50 -79.00 
3 
Top flange 44.30 5.77   -7.50 11.40   
Mid-web -26.35 32.03   -54.80 104.80   
Bottom flange -78.42 154.90 -88.11 -109.30 226.60 -102.60 
4 
Top flange   -46.16     -149.60   
Mid-web             
Bottom flange   62.88     54.10   
5 
Top flange   17.26     -36.80   
Mid-web             
Bottom flange   123.12     127.90   
 
Table C-8: Final Axial Compressive Forces for Simulation the End Restraint Determined by 
Optimization Routine for Windham Bridge Maximum Moment Four Trucks 
  
Girder Number Load at bottom flange of the girders South end (kip) 
Load at bottom flange of the girders 
North end (kip) 
1 19.74 19.74 
2 114.84 114.84 
3 35.01 35.01 
4 28.30 28.30 
5 32.82 32.82 
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C.5 Buckfield 
Table C-9: Field and FE Strain Results Using the Optimization Routine in Determining the End 
Forces for Buckfield Bridge Maximum Moment Four Trucks 
Girder 
number 
Sensors Field Data FE Prediction Using the Optimization Routine 
Location East end Mid-span West end East end Mid-span West end 
1 
Top flange -7.32 12.14  -4.02 -3.99   
Mid-web -14.03 74.03  -17.05 112.97   
Bottom flange -94.29 186.48  -63.24 122.19   
2 
Top flange  -99.47    -72.18   
Mid-web  14.40    25.48   
Bottom flange -66.35 134.50  -59.48 91.40   
3 
Top flange  -71.01    -35.31   
Mid-web -2.55 38.08  -25.04 53.91   
Bottom flange -106.56 166.85  -101.80 140.95   
4 
Top flange  47.77    9.67   
Mid-web  71.29    66.69   
Bottom flange  145.72    162.55   
5 
Top flange  18.21    3.00   
Mid-web  96.59    48.21   
Bottom flange  144.92    136.55   
  
Table C-10: Final Axial Compressive Forces for Simulation the End Restraint Determined by 
Optimization Routine for Buckfield Bridge Maximum Moment Four Trucks 
  
Girder Number Load at bottom flange of the girders East end (kip) 
Load at bottom flange of the girders 
West end (kip) 
1 25.59 25.59 
2 23.75 23.75 
3 41.29 41.29 
4 4.96 4.96 
5 1.22 1.22 
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